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Preface 



wny s iww mywss i m miwrf 

Wc assume that our eoonomic system will alwqvwamper to provide us with the products we waoL Sfiedal 
orders don't upset us! I \^'ant mv M Pv ' I he truth is more complicated. especi.ilK in our education s\'s(cm. which 
is paid tor by the student:* but tontrolicd by the pruic^ruie. Witness the pervcric success ot the bloated science 
texifaook. The newspapen oonrinue to compare our syatem unfitwraMy ta Japanae and European education, 
tvime dqpdi it enyh a ri ied over bfeadtb. but we can't seem to create a physics textbook that cowen a manageable 
nmnber of topics for a one-yrar course and gives honest explanations of everything it touches on. 

The publishers tr\ tc* p!e,)se e\er>'body by includinj; even.- imaginable topic in the book, but end up pleasing 
nobody. Tlictc is wide a^cement among physics teachers that the traditional one-year introductory textbooks 
catmot infect be taoglK in one jcai: One cantHKsurgicaU/iemovccnoiigbi^^ gracefully navigate 

the rest of one of these kitcfaen'ainkie3Ed>ooks. >X1iat is ferwone if diac die books are aocnmmcd with npka that 

nearly all the explanation is cut out in order to keep the page count below 1 100. Vital OOOCqMS like energy are 

introduced abruptly with an equation, like a first-date kiss that comes before hello." 

I Ik movement to reform physics texts is steaminj; ihchi Intf despiti, i v^ ellcnt books such as Hewitt's Cioncep- 
tual Physics fur non-science nujors and Knight s Physics: A Contemporary i'crspecttve for students who know 
calculus* there has been a itt phjma boois ibr lifiMdence ma|oa idw havoi't lean^ 
it ooncunoitfy with physics. This book is meant to fill that gap. 

Learning to Hate PliytiM? 

VChen you read a mvstcr\' novel, vnu know in advance what structure to expect: a crime, some detective work* 
and finally the unmasking of the evildoer. When Charlie Parker plays a blues, your ear expects to hear certain 
bndmaiks of the fenn icganfless of hoar w3d some of lus notes arc Surveys of physics studems usuaDjr show that 
thqrhave uvneatdtudes about dKsab|ea after Inscruaion than before, and their comments often boil down to a 
OOmplaint that rbe person who strung the topics together had not learned what Agatha C'hristie and Charlie Parker 
knew intuitively about torm and structure: students become bored and demoralized because the "march through 
the topioT lacks a oiheRnt aioiy line. You are reading die fiistiidome of the li^ 

tory physics textbooks, and as implied b> its title, the story line of the series is built around li^ and matter how 

thev- behave, how thev .ue different troin ea^li other, and, at the end of the stor\', how they turn out to be similar 
in some very biz.irre ways. Here is a guide to the structure ot the one-year course presented in this scries: 

1 Newtonian Physics Matter m<nes .11 tonstani speed in a straight line unless a force acts on it. ( This seems 
intuitively wrong only because wc tend to torget the role of friction forces.) Material objects can exert forces on 
each oihe% each chaoi^ng die odtei's motion. A more massive objeci chaiya its motion more ilowfy m re' 
^MOK so a given force. 

2 Conservation Lass s Newton's matttT-and- forces picture of the universe is fine .is far as it goes, but it doesn't 
apply to light, which is a form of pure energy without mass. A more powertul world-view, applying equally well 
to both li^t and maner, is provided by the conservauon laws, for instance the law of conservation of energy, 
whidi stales diat cnei^jr can never be tIeRrajpcd or cicand but imljrdiangodfiom one form into anuiliei. 

3 Vibrations and Waves Li^t is a wave, ^fft kam how waves tiavd througb space, pass t*™"ig^ each oihei; 
speed up, slow down, and arc reflected. 

4 Electricity and Magnetism Muttrr is made out of particles such as electrons and protons, which arc held 
together by electrical torccs. Light is a wave that is made out ot patterns of electric and magnetic tbrce. 

5 Optics Devices stich as cy ^taa se s and seaschBghts ure asMMr (lenses and mirroo) to manipulate Ugiit, 

6 Ike Modern Rewdniiou hi Pfajwos Until dre twentieth century, phyaidscs thought that W M W i fr w ai made 

out of particles and light was purely a wave phetwmenon. We now know that both light and matter are made of 
buildint' Mocks that have both particle and wave properties. In the process of understanding this apparent 
contradiction, we tlnd that the universe is a much stranger place than Newton had ever imagined, and also learn 
the basis for such devioes as hseis and ciNiipitKr ch^M. 
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A Note to the Student Taking Calculus 

Concurrently 

Learning i^akulu'- and physics concurrently \s an excellent idea — it s not a aiincidcncc that the inventor of 
calculus, Isaac Newton, also discovered the hws of motion! U you are worried about taking these two dctnanding 
oounes at the same time, let me reassure you. I think you will fliul that physics helps you with calculus while 
cdcnlut deqwnt and odhanoes four cipcfMnoe of pli^^ 

based ph>-sic$ course or a calculus-baaed jgiyaa oomse dut hat calcultv m t cowgnMir. TUt aate k ifclnwriil to 

students in the latter type of OOUIK. 

It has been said that critics discuss art with each other, but artists talk about brushes. Art needs both a "why** 
and a "how," concepts as well as technique. Just as it is easier to enjoy an oil painting than to produce one, it is 
easier to ondemand the concepq of cilcuhis than to katn the tediniqiies of cakuhis. This book wiO genenDy 
teach you the concepts of calculus a few weeks before you learn them in \'uur niath class, but it docs not disctiss the 
tfchnitjues <it talculus at all. There will thus be a delay of a le^^ ULck^ i>i. t\<.ccn the time when a calculus application 
is tirst pouitcd out in this book and the tirst occurrence of a homework problem that requires the relevant tech- 
Biyp The felliywiiig omlhif ihowt a ijpicid fiist-aeniener cdcnhit ciui k uhi ni ihU' by iidt wMi die Hit of topici 
anvercd in this book, to^veyouaimi^ kiea of w hat calculus your physics instructor might expect you to know 
u .\ given point in the semester. The sequence of the cakulm i«yk» ia die ooe idlo»mi by Catoihi of a Siag^ 
Variable, 2od ed., by Swokowski. Olinick. and Pence. 



diapMis of dni book 


topics typically covered at the same 
point hi a caloilm owme 


0-1 mtroduction 


review 


2-3 vdodijr and aoockndoo 


limiw 


4*5 Nemnn't laws 




6-S modoo in 3 dimennooc 


wdiniquci for finding derivatives; 


9 cncithr mouoii 


the chain rule 


10 g^avi^ 


local maxima and minima 


t lia|T1H ' of 

Coaaervation Loan 










5 angular momentum 


the indefinite integral 


chapters of 

Vibrations and Waves 


1 vibrations 


the definite integral 


2-3 waves 


the fundamental theorem of calculus 
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The Mars Climate Orfoiter is prepared for its mission 
The laws of physics are the same everywhere, even 
on Mars, so the protie could be designed based on 
the laws of phystcs as discovered on earth. 

There is unfortunately another reason why this 
spacecraft is relevant to the topics of this chapter, it 
was destroyed attempting to enter Mars' atmosphere 
because engineers at Lockheed Martin forgot to 
convert data on engine thrusts from pounds into tf^ 
metnc unit of force (newtons) before giving the 
information to NASA. Conversions are important! 



0 Introduction and Review 

If you drop your shoe and a coin side by side, they hit the ground at the 
same time. ^X'hy doesn't the shoe get there first, since gravitv* is pulling 
harder on it? How does the lens of your eye work, and why do your cyx$ 
muscles need to squash its lens into different shapes in order to focus on 
objects nearby or far away? These are the kinds of questions that ph>'sics 
tries to answer about the behavior of light and matter, the two things that 
the universe is made of. 

0.1 The Scientific i\/lethod 





theory 



experiment 




Until very recently in history, no progress was made in answering 
questions like these. Worse than that, the wrong answers written by thinkers 
like the ancient Greek physicist Aristode were accepted without question for 
thousands of years. Why is it that scientific knowledge has progressed more 
since the Renaissance than it had in all (he preceding millennia since the 
beginning of recorded history? Undoubtedly the industrial revolution is part 
of the answer. Building its centerpiece, the steam engine, required improved 
techniques for precise construction and measurement. (Early on, it was 
considered a major advance when English machine shops learned to build 
pistons and cylinders that fit together with a gap narrower than the thick- 
ness of a penny.) But even before the industrial revolution, the pace of 
discovery had picked up. mainly because of the introduction of the modem 
scientific method. Although it evolved over time, most scientists today 
would agree on something like the following list of the basic principles of 
the scientific method: 

( 1 )Scimce is a cycle of theory and experiment. Scientific theories are 
created to explain the results of experiments that were created under certain 
conditions. A successfiil theory will also make new predictions about new 
experiments under new conditions. Eventually, though, it alwa)'s seems to 
happen that a new experiment comes along, showing that under cenain 
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A satincal drawing of an alchemist's 
laboratorv H Cock, after a drawing 
by Peter Brueghel the Elder (I6th 
century). 



conditions the theory is not a good approximation or is not valid at all. The 
ball is then back in the theorists' coun. If an experiment disagrees with the 
current theory, the theory has to be changed, not the experiment. 

(2) Theories should both predict and explain. The requirement of predic- 
tive power means that a theory is only meaningful if it predicts something 
that can be checked against experimental measurements that the theorist 
did not already have at hand. That is, a theory should be testable. Explana- 
tory value means that many phenomena should be accounted for with few 
basic principles. If you answer cver\' "why" question with "because that's the 
way it is," then your theory has no explanatory value. Collecting lots of data 
without being able to find any basic underlying principles is not science. 

(y) Experiments should be reproducible. An experiment should be treated 
with suspicion if it only works for one person, or only in one part of the 
world. Anyone with the necessary skills and equipment should be able to 
get the same results from the same experiment. This implies that science 
transcends national and ethnic boundaries; you can be sure that nobody is 
doing aaual science who claims that their work is "Aryan, not Jewish," 
"Marxist, not bourgeois," or "Christian, not atheistic." An experiment 
cannot be reproduced if it is secret, so science is necessarily a public enter- 
prise. 

As an example of the cycle of theory and experiment, a vital step toward 
modern chemistry was the experimental observation that the chemical 
elements could not be transformed into each other, e.g. lead could not be 
turned into gold. This led to the theory that chemical rcaaions consisted of 
rearrangements of the elements in different combinations, without any 
change in the idendties of the elements themselves. The theory worked for 
hundreds of years, and was confirmed experimentally over a wide range of 
pressures and temperatures and with many combinarions of elements. Only 
in the twentieth centurj' did we learn that one clement could be trans- 
formed into one another under the conditions of extremely high pressure 
and temperature existing in a nuclear bomb or inside a star. That observa- 
tion didn't completely invalidate the original theory of the immutabilit)' of 
the elements, but it showed that it was only an approximation, valid at 
ordinary temperatures and pressures. 



Self -Check 




A psychic conducts seances in which the splnts of the dead speak to the 
participants He says he has special psychic powers not possessed by other 
people, which allow him to "channel" the communications with the spirits. 
What part of the scientific method is being violated here? [Answer twiow.] 

The scientific method as described here is an idealization, and should 
not be understood as a set procedure for doing science. Scientists have as 
many weaknesses and character flaws as any other group, and it is very 
common for scientists to iry to discredit other people's experiments when 
the results run conrrarj' to their own favored point of view. Successful 
science also has more to do with luck, intuition, and creativity than most 
people realize, and the restrictions of the scientific method do not stifle 
individuality and self-expression any more than the fugue and sotuta forms 
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tf only he has the special powers, then his results can never be reproduced 
Chapter 0 Introduction and Review 



stifled Bach and Haydn. There is a recent tendency among social scientists 
to go even further and to deny that the scientific m«hod even exists, 
claiming that science is no more than an arbitrary social system that 
determines what ideas to accept based on an in-groups criteria. I think 
that's going loo far. If science is an arbitrary social ritual, it would seem 
difficult to explain its effectiveness in building such useful items as air- 
planes, CD players and sewers. If alchemy and astrology were no less 
scientific in their methods than chemistry and astronomy, what was it that 
kept them from producing anything useful? 

Discussion Questions 

jjt^^^^^ Consider whether or not the scientific method is being applied in the following 
^^^^^^"^ examples. If the scientific method is not being applied, are the people whose 
Bm^^^^H ^c' ons are being described performing a useful human activity, albeit an 
unscientific one? 

A. Acupuncture is a traditional medical technique of Asian origin in which small 
needles are inserted In the patient's body to relieve pain. Many doctors trained 
in the west consider acupuncture unworthy of experimental study t>ecause if it 
had therapeutic effects, such effects could not be explained by their theones of 
the nervous system. Who is being more scientific, the western or eastern 
practitioners? 

B. Goethe, a famous Gennan poet, is less well known for his theory of color. 
He published a book on the subject, in which he argued that scientific 
apparatus for measunng and quantifying color, such as pnsms. lenses and 
colored filters, could not give us full insight into the ultimate meaning of color, 
for instance the cold feeling evoked by blue and green or the heroic sentiments 
Inspired by red. Was his work scientific? 

C. A child asks why things fall down, and an adult answers "because of 
gravity." The ancient Greek philosopher Aristotle explained that rocks fell 
because it was their nature to seek out their natural place, in contact with the 
earth. Are these explanations scientific? 

D Buddhism is partly a psychotogical explanation of human suffering, and 
psychology is of course a science. The Buddha could be said to have 
engaged in a cycle of theory and expehmeni, since he worked by thai and 
error, and even late in his life he asked his followers to challenge his ideas. 
Buddhism could also be considered reproducible, since the Buddha told his 
followers they could find enlightenment for themselves if they followed a 
certain course of study and disapline. Is Buddhism a scientific pursuit? 

0.2 What Is Physics? 

Given for one instant an intelligence which coukl comprehend all the forces 
by which nature is animated and the respective positions of the things whk:h 
compose it . nothing woukj be uncertain, ana the future as the past would 
be laid out before its eyes. 

Pierre Simon de Laplace 
Physics is the use of the scientific method to find out the basic prin- 
ciples governing light and matter, and to discover the implications of those 
laws. Part of what distinguishes the modern outlook from the ancient mind- 
set is the as.sumption that there are rules by which the universe functions, 
and that those laws can be at least partially understood by humans. From 
the Age of Reason through the nineteenth century, many scientists began to 
be convinced that the laws of nature not only could be known but, as 
claimed by Laplace, those laws could in principle be used to predict every- 
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This telescope picture shows two 
images of the same distant object, an 
exotic, very luminous object called a 
quasar This is interpreted as eviderx» 
that a massive, dark obfect. possibly 
a black hoie. happens to be between 
us and it. Light rays that would 
otherwise have missed the earth on 
either side have been bent by the dark 
obiect's gravity so that they reach us. 
The actual directkxi to the quasar is 
presumably in the center of the image, 
but the light along that central line 
doesn't get to us because it is 
absorbed by the dark object. The 
quasar is known by its catatog number, 
MG11 31-^0456, or more infonnally as 
Einstein's Rir>g. 



thing about the universe's future if complete infomution was available 
about the present state of all light and matter. In subsequent sections, I'll 
describe two general t\'pcs of limiutions on prediction using the laws of 
physics, which were only recognized in the twentieth century. 

Matter can be defmed as anything that is affected by gravity, i.e. that 
has weight or would have weight if it was near the Earth or another star or 
planet massive enough to produce measurable gravity. Light can be defined 
as anything that can travel from one place to another through empty space 
and can influence maner, but has no weight. For example, sunlight can 
influence your body by heating it or by damaging your DNA and giving 
you skin cancer. The physicist's defmition of light includes a variety of 
phenomena that are not visible to the eye, including radio waves, micro- 
waves, x-rays, and gamma rays. These are the "colors" of light that do not 
happen to fall within the narrow violet-to-red range of the rainbow that we 
can see. 

Self -check 

Jt At the turn of the 20th century, a strange new phenomenon was discovered in 
^ J vacuum tubes: mysterious rays of unknown ongin and nature. These rays are 
the same as the ones that shoot from the back of your TV's picture tube and hit 
the front to make the picture. Physk:ists in 1895 didn't have the faintest idea 
what the rays were, so they simply named them "cathode rays." after the name 
for the electrical contact from which they sprang. A fierce debate raged, 
complete with nationalisbc overtones, over whether the rays were a form of 
light or of matter What would they have had to do in order to settle the issue? 

Many physical phenomena are not themselves light or maner. but are 
properties of light or nutter or interactions between light and matter. For 
instance, motion is a property of all light and some matter, but it is not 
itself light or matter. The pressure that keeps a bicycle tire blown up is an 
interaction between the air and the tire. Pressure is not a form of matter in 
and of itself It is as much a property of the tire as of the air. Analogously, 
sisterhood and employment are relationships among people but are not 
people themselves. 




Some things that appear weightless actually do have weight, and so 
qualify- as matter. Air has weight, and is thus a form of matter even though a 
cubic inch of air weighs less than a grain of sand. A helium balloon has 
weight, but is kept from falling by the force of the surrounding more dense 
air, which pushes up on it. Astronauts in orbit around the Eanh have 
weight, and arc falling along a curved arc, but they are moving so fast that 
the curb ed arc of their fall is broad enough to carry them all the way around 
the Eanh in a circle. They perceive themselves as being weightless because 
their space capsule is falling along with them, and the floor therefore docs 
not push up on their feet. 

Optional Topic 

Einstein predicted as a consequence of t\is theory of relativity that 
light would after all be affected by gravity, although the effect would 
be extremely weak under normal conditions. His prediction was 
borne out by observations of tf>e bending of light rays from stars as 
they p>assed close to the sun on their way to the Earth. Einstein also 



They would have had to weigh the rays, or check for a loss of weight in the object from whk;h they were have 
emitted. (For technical reasons, this was not a measurement they coukJ actually do. hence the opportunity for 
disagreement.) 
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predicted the existence of black holes, stars so massive and 
compact that their intense gravity would not even allow light to 
escape. (These days there is strong evidence that black holes 
exist.) 

Einstein's interpretation was that light doesn't really have mass, but 
that energy is affected by gravity just like mass is. The energy in a 
light beam is equivalent to a certain amount of mass, given by the 
famous equation E^mc. where c\% the speed of light. Because the 
speed of light is such a big number, a large amount of energy is 
equivalent to only a very small amount of mass, so the gravitational 
force on a light ray can be ignored for most practical purposes. 

There is however a more satisfactory and fundamental distinction 
between light and matter, which should be understandable to you if 
you have had a chemistry course. In chemistry, one learns that 
electrons obey the Pauli exclusion principle, which forbids more than 
one electron from occupying the same orbital if they have the same 
spin. The Pauli exclusion principle is ot)eyed by the subatomic 
particles of which matter is composed, but disobeyed by the 
particles, called photons, of which a beam of light is made. 

Einstein's theory of relativity is discussed more fully in book 6 of this 

series. 

The boundary bcwccn physics and the other sciences is not always 
clear. For instance, chemists study atoms and molecules, which are what 
matter is built from, and there are some scientists who would be equally 
willing to call themselves physical chemists or chemical physicists. It might 
seem that the distinction between physics and biology would be clearer, 
since physics seems to deal with inanimate objects. In fact, almost all 
physicists would agree that the basic laws of physics that apply to molecules 
in a test tube work equally well for the combination of molecules that 
constitutes a bacterium. (Some might believe that something more happens 
in the minds of humans, or c\en those ol cars and dogs.) What differenti- 
ates ph)'sics from biolog)' is that many of the scientific theories that describe 
living things, while ultimately resulting from the fundamental laws of 
physics, cannot be rigorously derived from physical principles. 

Isolated systems and reductlonism 

To avoid having to study everything at once, scientists isolate the things 
the>' arc trying to study. For instance, a physicist who wants to study the 
motion of a rotating g;)-ro.scopc would probably prefer that it be isolated 
from vibrations and air currents. Even in biology, where field work is 
indispensable for understanding how living things relate to their entire 
environment, it is interesting to note the vital historical role played by 
Darwin's study of the Galapagos Islancb, which were conveniently isolated 
firom the rest of the world. Any part of the universe that is considered apart 
firom the rest can be called a "system." 

Physics has had some of its greatest successes by carrying this process of 
i-solation to extremes, subdividing the universe into smaller and smaller 
parts. Matter can be divided into atoms, and the behavior of individual 
atoms can be studied. Atoms can be split apart into their constituent 
neutrons, protons and electrons. Protons and neutrons appear to be made 
out of even smaller particles called quarks, and there have e\'cn been some 
claims of experimental e\'idence that quarks have smaller parts inside them. 
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This incdKxl of splining things biD nialkr and Mndler pun tiM^ 

how those pans influence each other is called reductionism. The hope k 
that the seemingly complex rules governing the larger units can be better 
understood in terms of simpler rules governing the smaller imits. lb 
apprectaie wlkit ledtictiaaimi htt floK fiw adeBce^ k fe oaty 
eaminea 19th-century chemistry t ei iboo k. Ai dwt rime, the e riii tiic e of 
atoms was still doubted by some, electron? were not e\'cn suspected to exist, 
and almost iKKhing was understood of what basic rules governed the way 
atoms inteflKied with eadi othef in dteiw k i l icactioaK. Stndents had tn 
memorize long lists of chemicals and their reactions, and there w.is no way 
to understand any of it s)'stcmatically. Tod.u- rhc student only needs to 
remember a small set of rules about bow atoms interact, for instance that 
aitimt of one t l c i i R iit cannot be (juuvciibiI into awothcf via chemical 
i mtioni, or that atoms ftom the r^t side of the periodic nhkttnd to 
fiNiii sinM^ boodi with amnMfion the left wdci 

Discussion Questions 

A. rvoii<K)Baltrtiii|ilrii^lheofdinaiydfctionaiydafinili^ 
^^^^^^^B flfiMW tBohnlcnl, nwv pradBO ono lhal InwokMS waii^MMafwaa. afll 

^^BH possible, though, that the stuff a lightbull mtkaa. onlnarily called 'tight.* dom 
hove some small anwunt of weight SiWMl an at^Nilmaftt to attend 

B. Heat is weightless (L«. anobiect becomes no heavier when heated), ml 
can liaMVl acroaa an amply loom tram Itw invta^ 

hAimoaa you by haaflng yoM, 8houM haiC ttMMlDiv bs floiNldHvd ft fom of 
R0ht by ouF dalnHort? Why nol? 

C 



0.3 How to Learn Physics 



For aa hnoNladaaa era now daivarad. thace ia n kind ol ooiMi a c i of anw 
DOTNoefi wia oaaveier ano wib ivoawoiT «or no w oeiiwoioei anmnoge 

desireth to deliver It in such a form as may be best believed and not as rr ay 
be best examined; and he that fooatveth knowledge desireth rather present 



Sir Francis Bacon 

Many students approach a m.iciicc course with the idea that they can 
wtcoBedby inemnfian gthefeniiulastiothatiHienape o ble aB M 
die homework or a& CWU* ihe^ will be able to plug niunbers in to At 
formiil.i .ind pet a numerical result on their calcuLnor. Wrong! Thar's nor 
what learning science is about! There is a big diherence betw^n memoriz- 
ing fitfllKllas and '•'"B"^ ^wn^»p>« *n» ""^t^ iff^^T*** frtmnhw 
mqr apply in different sitiutiom. One equation mjl^lCpaeMat a definH 
tion. which is always true. Another might be a vcri' specific equation for the 
speed of an object sliding down an inclined plane, which would not be true 
if the object was a eodt drifiing doani go the hoimni of the ociiani Vjou 
don't work to understand physics oa aooBcepiuallcwiyottwoaVlnioir 
whkfa formulas can be used when. 
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Other Books 

PSSC Physics, Habcr-Schaim ct 
iL, 7th ed.. 19M. Kendili/Hiint 

Dubuque, Iowa. 
A high-sch(wl rcxtbook at the 
algcbra-based level. This book 
disringnishg itself by giving a 
deu; cucfid* Slid hoMK 
OpLinatinn of ever)' topic, while 
avoiding unnecessan- details. 

Physics for Poets, Rob<Tt \ \ 
March, 4th ed., 1996. McC^raw- 
HULNnrYoilL 
As the name implies, this book'v 
intended .mdientc- is liberal arts 
students who want to undcr- 
stand sfifncf ui a bwwdcf 
cultural and historical context. 
Not miiJi ni.ith is used, and the 
page count oi this hide paper- 
back is about live tiines kai than 
that of the typical "kitchen sink" 
textbook, but the inrcllcciual 
Ics el is actually pretty challeng- 
ing. 

Concepcnal Physics. Paul Hewitt. 

Scon Foresman, Gknview; DL 
This is the excellent book used 
lor Physics 130 here at Fullcrton 
College. Only simple algebra is 
used. 



MoR snidenit tdking college sdenoe oounes (or the fim time also have 

very litde experience with interpreting the meaning of an equation. Con- 
sider the equation w^Alh relating the width of a rectangle to its height and 
area. A student who has not developed skill at interpretation might view 
this as yet anodier eqtution to meroof lie and plug in to when needed. A 
sfigbdy more savvy sudenc adg))t realize that it is simplf die fiunlBar 
formula A=u'h in a diflfcrcnt form. VChcn a'^ked whether a rectangle would 
have a greater or smaller width than another with the same area but a 
smaller height, the uiuophtsticated student mig^ be at a leas, not having 
any numbers to (dug moo a caladaaoc. The oiore experienced Student 

would know how ro reason about an equation involving division — • if /» is 
smaller, and A stays the same, then w must be bigger. Often, students fail to 
reo^nize a sequence of cquauoos as a derivation leading to a final result, so 
dicy tlwnk all inwtmedHWig wtpy ^^uffMy impnrrmt fim ip tj a^ that 
thqr ihmdd memociie. 

When learning any subject at all, it is important to become as iOOPiAf 
involved as possible, rather than rrv ing to read through all the information 
quickly without thinking about it. it is a good idea to read and think about 
the questions poaed at the end of each secdoa of these noics as jmi encoun- 
ter them, SO that ym Imow ]«a ha»c undeeHDpd irfiat y«w WBR ica^ 

Many students' difficulties in physics boil down mainl)r to difficulties 
with math. Suppose ^-ou feel confident that vou have enough "uuhemadcal 
preparation to succeed in this course, but you are having trouble with a few 
specific things. In some areas, the brief review given in this chapter may be 
siiflbient. but in odxr aicas it pfobabty «91 iMX. Oiioe 70U ideiiiify the 
areas of math in which you arc having problems, get help in those areas. 
Don t limp along through the whole course with a vague feeling ot da-ad 
about something like scientific noution. The problem will not go away if 
you ignore it. The saineappBes to fMTiirtal inathgmaticalAflls that you are 
ieaming in diis conne fiw die fint time* such as vecnt nddiritNi. 

Sometimes students tell me they keep tr>'ing to understand a cetnui 
topic in the book, and it just doesn't make sense. The worst thing you can 
possibly do in that situation is to keep on suring at the same page. Every 
t f iihook eiplams certain ihiiiy lMiBy'~'Cvcn mine! '^~ao the best thing id 
do in this .situation is to look at a difTeren I I> > >L Instead of college text- 
books aimed at the same mathematical Ie\el as the course you're taking, you 
may in some cases find tlut high school books or books at a lower math 
level give dealer eiqdaiiadoiis.'Ilie three books Ksied on the left aic^ in injr 
opinion, the best introductory physics books available, .utiioiigh they would 
not be appropriate as the primaiy tenbook for a coUcj^ievel oouEse for 

science majors. 

Finally, when reviewing for an exam, don t simply read back over the 
text and yoiu- lecture notes. Instead, try to use an aaive method of reriew* 
ii^ for instance by diamssing aome of the tBseussion questions with 
another snideitt, or doing homewoik pcofaknis you hadn't doiie the fifst 

time. 
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0.4 Self-Evaluation 



The introducTor\' part of a book like this is hard to write, because CVCC7 
student arrives ai this staning point with a ditf'erent preparation. One 
■tudent may have grown up inaioihef oo uu u y tt idioiiiy bccooipleidy 
oomfectable with the metric tfUBBH, but n^r hnic lud m ilgebci coune m 
which the instructor passed COO quickly m cr scientific notation. Another 
student may have already taken calculus, but may have never learned the 
metric system. The following self-evaliutioQ is a checklist to help you figure 
out whac you need to smdy to be piepared for the test of die coutae. 





I am fidnilbr whh the basic metric onitt of neien, 

kili^rams. and seconds, jmi the most common neilic 
ptefixes: milli- (m), kilo- (k), and ccnti- (c). 


0.5 Basics of the Mcttic^rittm 


Iknoiraboui the Newton .1 imir .ir toiw 


0.6 The Ncu'ton, the Metric Unit of Force 


1 am familiar wm tnesc mssooouiioo mesne ptwiwa! 

mega- (M), micro- Oi), and nano- (n). 


0.7 Less Common Meuic Prefixes 


I em oomfimaUc with sciemific notation* 




I can confidently do meuic conversions. 


0.9 Conversiutis 


I undemand the ptupose and use of i^ipiificaiit fignics. 


0.10 Significant Figures 



hwDuldnIt hint you to ikim the lectkms you thiidc you afaeady know 

0.5 Basics of the Metric System 

Tho motile system 

Units were not standardized until tairly recently in history, so when die 
physici&i Isaac Newton gave the result of an experiment with a pendulum, 
he had to specify not just diatihe suing 37 '/,lndwikMigbiicthacit 

was "3" 7^ London inches long." TTic inch as defined in Yorkshire would 
have been different. Even after the British Empire standardized its units, it 
was still very inconvenient to do calculations involving money, volume, 
disnnoe* dme. or weiglu; becanee of aO tiie odd oosnonon fiKma, like 
ounces in a pound, and 5280 feet in a mile. Through the nineteenth 
ccnturk-, schoolchildren squandered most of their mathematical education 
in preparing to do calcuiauoriii sucii making change when a customer in a 
shop oflfewd a oiie <i w> n note fee a boofc cusi iH H vm po und s, drimeen 
Aillingp and tuppence. The dollar has always been decimal, and British 
money went decimal decades ago, but the United States is still saddled with 
the antiquated system oi feet, inches, pounds, ouni.c-s and so on. 

Every country In the world besides the VS. has adopted a system of 
iiniii known in En^ish as the Imeoic q'SKoii.'lliis qmem 
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dediml, dunks to die same enUnendy logical people who brought about 

the French Revolution. In deference to France, the systems official name i$ 
the S>'stcmc International, or SI. meaning ItltCfMtional SyWem. (The 
phrase "SI system" is tlurctorc redundant.) 

The wondcrtui thing about the SI is that people who live in countries 
more modern than ours do not need to memorize how many ounces there 
are in a poiud, how many cu|M in a pint; how mu^ in a mile» etc The 

whole system works with a single, consistent set of prefixes (derived from 
Greek) that modify the basic units. Each prefix stands for a power ot ten. 
and has an abbreviation that can be combined with the symbol tor the imit. 
R>rhManoe, die meter k a onkofdinHioe; The prefix Ub-aiMk^ W, 
makUometo; 1 km.i«athouMndmeina. 

The basic units of the metric sy$tem m the meter Ibr diwance, die 
Mcond for titoe, and the gram for maaa. 

The fnll<nving are die moat cominonineiiicinefins.\btt<hould 

memorize them. 




Idlo' k 10* 60lig «apermn'sniaci 



cend- c 1<H 28cm •heig^ofa piece of 

milti- m 10^ Imi • time for one vibration of a 

guhar ming pbqring the 

noteD 

The prefix ccnti-. meaning 10 S is only used in the centimeter; a 
hundreddi of a gram wodd not be mitten as 1 eg bat as 10 mg.T1ie centi- 
prefix can be easily remembered because a cent is 10* doOaiB. The oflfidal SI 
abbreviation far seconds is V (noc "sec") and gtama are Y 'vH- 

Tfwseomd 

The sun stood stiU and the moon hafted until Itie nation had taKon ven- 
g an n ca on M» o na ml w... 

Joshua 10:12-14 

AlMOiuls, true, and mathematicai time, of itsett, and from its own nature. 

Isaac Newton 

When I staaed bfiefy aboK dwt the second iras a tmit of time, it ms^ 
not have oocuirad to you that this was noc really much of a definition. The 

two qiif)tcs above arc meant to dcmonsrr.iti- how much room for confiision 
exists among people who seem to mean the same thing by a word such as 
"time." The first quote has been interpreted by some biblical scholars as 
indicadng an ancioK fadiefdMC die medM of die son ocmH die dcf was 

not just something that occ urred with the passage of time but that the sun 
actually caused time to pass by its motion, so that firczing it in the si^ 



SaotfonOS BaaieofllwIMrfeSyaltm 2S 

Copyrighted malBrlal 



The Time Without 
Underwear 

Unfortunately, the French 
Revolutionary calendar never 
caught on. Each of its twelve 
months was 30 days long, with 
names like Thermidor (the month 
of heat) and Germinal (the month 
ot budding). To round out the year 
to 365 days, a five-day period was 
added on the end ot the calendar, 
and named the sans culottides. In 
modern French, sans culottides 
means "time without underwear," 
but in the 1 8th century, it was a way 
to honor the workers and peasants, 
who wore simple clothing instead 
of the fancy pants {cuiottes) of the 
aristocracy. 



Pope Gregory created our modem 
"Gregonan' calendar, with its system 
of leap years, to make the length of 
the calendar year match the length of 
the cycle of seasons Not untill 752 did 
Protestant England switched to the 
new calendar Some less educated 
citizens believed that the shortening 
of the month by eleven dsys would 
shorten their Irves by the same inier\ 
In this illustration by William Hogar- 
the leaflet lying on the ground reads. 
*Give us our eleven days.' 



1^ 



would have some kind of a supernatural decelerating effect on everyone 
except the Hebrew soldiers. Many ancient cultures also conceived of time as 
c)*dical, rather than proceeding along a straight line as in 1998, 1999, 
2000, 2001 .... The second quote, from a relatively modern physicist, nuy 
sound a lot more scientific, but most ph>'sicist$ today woiJd consider it 
useless as a definition of time, loday, the physical sciences arc based on 
operational definitions, which means definitions that spell out the actual 
steps (operations) required to measure something numerically. 

Now in an era when our toasters, pens, and coffee pots tell as the time, 
it is hi from obvious to most people what is the fundamental operational 
definition of time. Until recently, the hour, minute, and second were 
defined operationally in terms of the time required for the earth to rotate 
about its axis. Unfortunately, the Earth's rotation is slowing down slighdy, 
and by 1967 this was becoming an issue in scientific experiments requiring 
precise time measurements. The second was therefore redefined as the time 
required for a certain number of vibrations of the light waves emitted by a 
cesium atoms in a lamp constructed like a familiar neon sign but with the 
neon replaced by cesium. The new definition not only promises to stay 
constant indefinitely, but for scientists is a more convenient way of calibrat- 
ing a clock than having to carry out astronomical measurements. 

Self -Check 

^^^^^^^ What is a possible operational definition of how strong a person is? 
The meter 

llie French originally defined the meter as lO"' times the distance from 
the equator to the north pole, as measured through Paris (of course). Even if 
the definition was operational, the operation of traveling to the nonh pole 
and laying a survo'ing chain behind you was not one that most working 
scientists wanted to cart)' out. Fairly soon, a standard was created in the 
form of a metal bar with two scratches on it. lliis definition persisted until 
1 960, when the meter was redefined as the distance traveled by light in a 
vacuum over a period of (1/299792458) seconds. 



A dictionary might define "strong" as 'posessing powerful muscles," but that's not an operational definition, because 
it doesn't say how to measure strength numerically. One possible operatioruU definition would be the numt>er of 
pourKls a person can bench press. 
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The kilogram 

The third base unit of the SI is the kilogram, a unit of mass. Mass is 
intended to be a measure of the amount of a substance, but that is not an 
operational definition. Bathroom scales work by measuring our planet's 
gravitational attraction for the object being weighed, but using that type of 
scale to defme mass operationally would be undesirable because gravity 
varies in strength from place to place on the eanh. 

There's a surprising amount of disagreement among physics textbooks 
about how mass should be defined, but here's how it's actually handled by 
the few working phpicists who specialize in ulira-high-prccision measure- 
ments. They maintain a ph)'sical object in Paris, which is the standard 
kilogram, a cylinder made of platinum-indium alloy. Duplicates arc 
checked against this mother of all kilograms by putting the original and the 
copy on the two opposite pans of a balance. Although this method of 
comparison depends on gravity, the problems associated with differences in 
gravity in different geographical locations arc bypassed, because the two 
objects are being compared in the same place. The duplicates can then be 
removed from the Parisian kilogram shrine and transported elsewhere in the 
world. 

Combinations of metric units 

Just about anything you want to measure can be measured with some 
combination of meters, kilograms, and seconds. Speed can be measured in 
m/s, volume in m \ and density in kg/m'. Pan of what makes the SI great is 
this basic simplicity. No more fiinny units like a cord of wood, a bolt of 
cloth, or a ji^er of whiskey. No more liquid and dry measure. Just a simple, 
consistent set of units. The SI measures put together from meters, kilo- 
grams, and seconds make up the mks system. For example, the mks unit of 
speed is mys, not kmyhr. 

Discussion question 

Isaac Newton wrote, '...the natural days are truly unequal, though they are 
commonly considered as equal, and used for a measure of time... II may be 
that there is no such thing as an equable motion, whereby time may be 
accurately measured. All motions may be accelerated or retarded...' Newton 
was right. Even the modem definition of the second in terms of light emitted by 
cesium atoms is subject to vahation. For instance, magnetic fields could cause 
the cesium atoms to emit light with a slightly different rate of vibration. What 
makes us think, though, that a pendulum clock is more accurate than a 
sundial, or that a cesium atom is a more accurate timekeeper than a pendulum 
clock? That is, how can one test experimentally how the accuracies of different 
time standards compare? 

0.6 The Newton, the Metric Unit of Force 

A force is a push or a pull, or more generally anything chat can change 
an object's speed or direction of motion. A force is required to stan a car 
moving, to slow down a baseball player sliding in to home base, or to make 
an airplane turn. (Forces may fail to change an object's motion if they arc 
canceled by other forces, e.g. the force of gravity pulling you down right 
now is being canceled by the force of the chair pushing up on you.) The 
metric unit of force is the Newton, defined as the force which, if applied for 
one second, will cause a 1 -kilogram object starting from rest to reach a 
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speed of 1 m/$. Later chapters will discuss the force concept in more detail. 
In fact, this entire book is about the relationship between force and motion. 

In the previous section, I gave a gravitational definition of mass, but by 
dcfming a numerical scale of force, wc can also turn around and dcfmc a 
scale of mass without reference to gravity. For instance, if a force of two 
Newtons is required to accelerate a certain object from rest to 1 m/s in i s, 
then that object must have a mass of 2 kg. From this point of view, mass 
characterizes an object's resistance to a change in its motion, which we call 
inertia or inertial mass. Although there is no fundamental reason why an 
object's resistance to a change in its motion must be related to how strongly 
gravity affects it, careful and precise experiments have shown that the 
inertial definition and the gravitational definition of mass arc highly 
consistent for a v-ariety of objects. It therefore doesn't really matter for any 
practical purpose which definition one adopts. 

Discussion Question 

5 [. ending a long time in weightlessness is unhealthy. One of the most 
rriportant negative effects experienced by astronauts is a loss of muscle and 
Done mass Since an ordinary scale won't work for an astronaut in orbit, what 
is a possible way of monitoring this change in mass? (Measuring the 
astronaut's waist or biceps with a measuring tape is not good enough, because 
it doesn't tell anything about bone mass, or about the replacement of muscie 
with tat.) 

0.7 Less Common Metric Prefixes 





The following arc three metric prefixes which, while less common than 
the ones discussed previously, are well worth memorizing. 



This is a mnemonic to help you 
remember the most important 
metnc prefixes. The word "little" 
is to remind you that the list starts 
with the prefixes used for small 
quantities and builds upward The 
exponent changes by 3 with each 
step, except that of course we do 
not need a special prefix for 1 0^. 
which equals one. 



prefix 


meaning 


example 




mega- M 


10* 


6.4 Mm 


= radius of the eanh 


micro- \i 


10^ 


1 ^m 


= diameter of a human hair 


nano- n 


10' 


0. 1 54 nm 


= distance between carbon 



nuclei in an ethane molecule 

Note that the abbreviation for micro is the Greek letter mu, \l — a 
common mistake is to confuse it with m (milli) or M (mega). 

There are other prefixes even less common, used for extremely large and 
small quantities. For instance, I fcmtometer=10 m is a convenient unit 
of distance in nuclear physics, and 1 gigabytc= 1 0" bytes is used for comput- 
ers' hard disks. The international committee that makes decisions about the 
SI has recently even added some new prefixes that sound like jokes, e.g. 1 
yoctogram = 10 '^g is about half the mass of a proton. In the immediate 
future, however, you're unlikely to sec prefixes like "yocto-" and "zcpto-" 
used except perhaps in trivia contests at science-fiction conventions or other 
gecki<»t&. 
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Suppose you could slow down time so that acco'CJ ng to ycur perception a 
beam ol light vraukl move across a ro(xn at the speed o< a skm If you 
iMiTMlwartanniiniiiinniiilMWtiiMi aaifinnrt hiMtwiiifl¥niinOTHilifO ii 
mloiwMond? 

0,8 Scientific Notation 

Most of the interesting phenomena our universe has to offer arc not on 
the human sole. It would take about 1.000.000.000.000.000,000.000 
bacteria to equal the man <^a human body. When the (rfiysidst Thomas 
IfottOg discoveted that light was a wave, it was back in the bad old da\'s 
before scicnrifiL nor;ition. and he was obliged m write that the time required 
for one vibration ot the wave was 1/500 of a millionth of a millionth of a 
second. Scientific nonrioo b a lew amkmtd way to m'm very large and 
very small ntunbeis such as tfaeie. I^kre's a quidt review: 

nowioii nwmwridng a number in tenw of a pioi^ 

■MiMtliittgftni* 1 w*in«n«i«>*m#tiiiwg#hi»«ltM-i««pn»Prnfiie». Rnr 

32 = 3.2x10' 
320 - 3.2 X 10^ 

Each mirabcr is ten dmes b^ger than die previous one. 

Since 10' is ten ames smaller dian 10^, itnaimfaMesousedie 

notation 10" to stand for one, the number that is in turn ten rimes sm.i!lcr 
than 10'. Continuing on, we can write 10 ' to stand for 0.1, the number 
ten times smaller than lO''. Negative exponents arc used for small numbers: 

3.2-3.2x10° 
032-3.2x10-* 
0.032 - 3JtxlO-^.. 
A common source of rwifiwioa is the nocuion used on the displays of 

many c.il».ulators. Examples: 

3.2 X 10*' (wrnti ti notation) 

3.2F.4'6 (notation on some calculators) 

3.2'' (nottdon on some other calculators) 

The last example is particularly unfortunate, because 3.2*' really stands 
fot the number 3>2x3.2x3.2x3. 2x3. 2x3.2 ■ 1074, a totally difietent niunber 
fiom 3.2 X 10* - 3200000. The cdooinor aoiuioo iiioidd Mm be Hied m 
writing. Its jiutawy fetdfceininu&cn i iertosweinonqrhymtkinga 
simpler display. 
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A student lea'"s that 10^ bacteria, sla^dmg m line to register for classst it 
Paramecium Community Cottage. wouM fomi a queue of Itiia aize: 



The student condudes that 1 b^ctena would tomi a Itne oi ths length: 




Why is ttw aludMl Inoorrad? 



0.9 Conversions 



liuggcit >^«wiJineinoriringlotiofa>i w «rio n fiBW 
units and U.S. units. Suppose the United Nations sends its black hclicopten 
to invade California (after all who wouldn't rather live here than in New 
York Cityi), and institutes water tluoridation and the SI, making the use of 
inckei and poundi idiD a crime ponidiiUe Iqr deiiL 1 
liy wkh only two mental convarioo figmnr 

1 1nch s 2.54 cm 

An ol^eol wMt a w«i8^ on Eaith d 2^ b tiw a nwM of 1 1^ 

The fir'.r one i<; rhc present definition of rhe inch, so it's exact. The 
second one is not exact, but is good enough tor most purposes. The pound 
is a unit of gravitational (one, while the is a unh of nuM, wfaicfa niea- 
Hiiw ha$r hud it iitp j c cdcnuc an ob|cct» not hcwf hatd gipwiiy pulli on it. 
Thirdnrc ii votiMheinconwteaydMtlJlfciiwIlycqiialed 1 Iq^ewa 
a{^roxunateiy. 

More important than memorizing conversion factors is understanding 
the right method tor doing conversions. Even within the SI, you may need 
K> oomcn* MQ^ fimn ffuot to fcfcy i m. D iBw c n t people hswe diftwiK 
iwyi of dunk in g AoBt canicn i o ni, but the method ril describe hoe ii 
systematic and eaw ro iinderstand. The idea is that if 1 kg and 1000 g 
represent the same mass, then we can consider a traction like 

lO'g 

Ikg 

to be a way of expressing the number one. This nuy bother you. Bor 
umaaae^WjmttfpclWO/l'wutyauredaanfiM 

one. Again, dif&rent people havediflaaitiviyioflfcinking about it, but 

the justification is that it helps us to do conversions, and it works! Now if 
we want to convert 0.7 kg to imiu of grams, we can multiply 0.7 kg by the 



0.7 kgx-^ 

If youVe willing to treat symilob fuch at "Iqf II if diqr were variables M 

used in algebra (which the re really no^, JKM CHI iken CMKxl dlC Jig OD top 
with the kg on the bottom, resulting ia 



Exponents have to do 
no( just twice as long. 



not 



100 



uopy iiyhioo inaiuiial 



lb ooomt gnuns to kikigtuns. fOtt woiiU simplx 



Oneadnuitage of this method is that it can easily be applied to a scries 
of ommriom. For iimaiioe, m oonim one yw to anhi of Moondt, 



Ij^ \4f 1 



« 3.15x10^1 . 
Should that exponent be positive or negative? 

A common muukc is to write the conversion traction inconecdy. For 
instance the (racdon 

docs not equal one, because 1 0* leg is the mass of a car, and 1 g is the mass 
of a raisin. One correct way oi setting up the conversion £Ktor would be 

'Ybu can usually decect auch a mistake if fou tikc the time to chedc your 
mmw e i and we if It b TTatTnuMf 

If oominon Mnse doesn't nde oiit eidier « poiidw or a iiegative cqM>- 
ncnr. here's another wagrnmaktSUR 70a get it 

and small prefixes: 

bfgpidbn: k M 

small prefixes: m |i n 
(It's not hard to keep straijiht which arc which mdcc "mega" and "micro" arc 
o'ocauvc, and it's easy to remember that a lulomctcr is bigger than a meter 
andamiDimeuisanaDeiObi tlieezamplecbcyve.iiewamtfaetxif>oftlie 
fiictioa to be dKnmeH die bottom. Since kba big prefix, we need to 
rom/>rnxdrrb]rpiiniiig«MMDiMiinberlike lO'^infiootofit.iiocab^ 

number like KP. 

Diacussion Question 

EMhof ttiefiotBWinQoonMWiontoQntarawionor. In Mch cM9b wpWn 
tMlMilW error is. 

(•IIOOOhBX^J]^ -1g M80nix:j^ -OScm 

(c) 'Nano- is 1 0 ^ so Own are 1 0^ nm in a 

(d) 'Micro' i» 10^. M 1 l(Bi» IO^mj. 
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0.1 0 Significant Figures 



An engineer is designing a car engine, and has been told that the 
diMlMlWof the pistons (which are beu^ dctig^icd by someone else) is ^ cm. 
He burnt dttt 0.02 cn of deaniloe k nquimd fiir a piMOD of diH 
bedcMgnstfacqflincier to have an inside dtameicr of 5.04 cm. Luddlyilik 

mpenrisor catches his mistake before the car goes into produaion. She 
ciphios his enor to him, and mentaJiy puts him in the "do not piomoce" 
casegory. 

What was hu> mistake? The person who told him the pistons were 3 cm 
in dmiif lu WMC to the wiyi of i^^ificsnit l^piiTT» oi ivoi Im bo§i» wfao 

explained to him that he needed to go bade and get a more accurate num* 
her for the diameter ot the pistons That perwn said "5 cm" rather than 
*5.00 cm" spccitically to avoid creating the impression that the number was 
<ji wilifly MCMMie. Inicslt^ the puutui dfamtiu ww 5«13 cm. Thtf 
would nem lunw fit in (he 2»X>4<ni qAnden. 

The number of digitt of aociuacy in a number is referred to m the 
number of significant figures, or "sii; fip" for short. As in the example 
above, sig Bgs provide a way of showing the accuracy of a number, In most 
cases, the result of a calculation involving several pieces of data can be no 
Moee actfUfne than the letit ouciimt pieoe of data. In vAttwoiit, "yifaay 
in, garbage out." Since the 5 cm diameter of the pistons was not ver)- 
accurate, the resuh of the engineer's calculation, 5.04 cm, was really not as 
accurate as he thoi^t. In general, your result should not have more than 
theitiMiibef of ajgfip in the towtacciiiiee piece of data ypiitiaitrf With. 
Thecalcdation above dumld have been doiieat felloM: 
5 cm (1 sig fig) 

4^ 0.04 cm (1 sig fig) 
-5cni (imindedoffiol«§%» 
The (act that the final result only has one significant f^ure then alerts yoa 
to the fiict that the result is not very accurate, and would not be appcofifiaR 
for use in designing the engine. 

Note that the leading zeroes in the nundierO.04 do not count as 
significant ^giucii becne they aie wdy jilacriwIJefi. On iheodief hindL a 

number such as 50 cm is ambiguous — the zero could be intended as a 
significant figure, or it might just !u- there as a placeholder. TTie ambiguity 
involving trailing zeroes can be avoided by using scientific noution, in 
whidt 5 X 10* cm wndd imply one sig fig of accuracy, wfaie SAxlVan 
would iaaply two agfig^ 

Otif CiMCk 

(a) The following quote is taken from anoJfclMbyMDllWtWlOllWtliW 
1^ York Times, August 18, 2002. 

Consider Nigefia. Everyoie agrees it is Africa's most popukxis nation. 
BU wrtwt is to popiMion? Tha United Natkm aayi 114 mi^ 
Stale Oapartniant, 120 mMhin. WoiW BhA ai|fa 18t4l mHoni wMto 
the Central Inteltigence Agency pMlitM1&M8BjBM> 
What should bother you about this? 




The various estimates difter by 5 to 10 miHion. The CIA's estimate includes a ridiculous numtwr of gratuitous 
significam figures. [>aes the clAiwdeielantltii l aweiydii^paBiila la bnmlOMlalObaMl 
amigraie from Mgaria? 

MChMMvO Mmdudon Md Rmfiaw 
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Dealing oomcdjrwidi agyuficuu ^Uia oui SMC you ibm! Ofwiii 
Kudents copy down numbers from their calculators with eight significant 
figures of precision, then t) pe them hack in for a later talculation. I hat's a 
wa»tc ot time, unless your original dau had that kind ot incredible preci- 
noa. 

The rules about significant figures are only rules of thumb, and are not 
aidMkuiefarGncfU tfainlmig. RiriiinuiGe. $20.00 ♦ 10.05 it 120.05. It 

need not and should not be rounded off to $20. In general, the sig fig rules 
work best for multiplication and division, and we also apply them when 
doing a compUcated calculation that involves many types of operations. For 
rioq^ addhkm and lllbtncdol^ it main mote acM 
niunber of digpu afttf die dfrunal po w t. 

When in doulx, don't use the sig fig rules at all. Imcead, intentionally 
change one piece of your initial data by the mxximum amount by which 
you think it could have been oA, and recalculate the final result. The digiu 
on the end that arecompletdy redwfBed are the ones tiiat are mrantnglcw, 
and dwuld be omitted. 

How many significam figuiw ar0 there in eodi of the loioi^ 
(■)9J97m 

(b) 4.0 s 

(c) 0.0000037 kg 



Seolion0.10 SlgnMoant Rgurat tt 
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Summary 



Vocabulary 

mancr Anything that is affected by gravity. 

Ught .... — ................ Anything chat can tnvd fiom one pbce to anocher through empty vptt*, 

and can influence matici; but imocrffected by pavity. 
opfwiinnal ilcfinhion A definition <hat siaies \vhatopciiriow AoMldbecairiedoiitwnieMMie 

the thing being defined. 
Systteie International A fimcy name for the metric system. 

mks vpaok. The use of metric units baaed on the me«; Inloyain. and aeoond. Ex- 

ample: meters per second is the mks unit of speed, not cm/s or km/hi. 

mass A numerical measure ot how Jif}kult it \s to chani;c .ui object'tl 

significant Hgiucs Digits that contribute tu tiic accuracy ut a mca^uiciiiciu. 



s)7nbol for maM,orthemeta;rfiemettfcdiiiMirruiih 

kg kilogram, the metric unit of mass 

s second, the metric unit of time 

M- die metric picfix mc^a>, 10^ 

k- the metric prcBx kilo-. 10-^ 

m- the metric prefix milli-. 10 ' 

\fL- the metric prcrix micro-, 10^ 

n- . ... .... the metric piefiz nano-. 10^ 

Summary 

Physics is the use of the scientific method to study the behavior of light and matter The scientific malhod 
requires a cycle of tfieory and expennwit. theories with both predictive and explanatory value, and 



TnO mOinC SyMIrn • • aHn|M, OOfWIIafll IIWIIOMIUIK lOr inSMUiOTMIil IRM OIR 01 InS nWIOft am RMignnit 

and the second plus a set of prefixes denoting potmis of IML The I 
conversions is shown in the tottowing example: 



Maaa is a measure of ttw amount of a substance. Mass can be defined gravMationally, by comparing an 
object to a standard mass on a double-pan balance, or in tomis of inertia, by comparing the effect of a force 
on an object to the effect of the same force on a standard mass. The two definitions are found experimentally 
to be proportional to each other to a high degree of precision, so we usually refer simpiy to "mass," witlxjut 
boflwrfnQ to flpacHy wMch ^fM. 

Atoioa b that wMch can change Vw irnMon of an ol)^ 
•wforeeiwiulradtoaooeleialeaalBndardl-kgmassfromresttoaspeedof 1 mteinla. 

SdenHie noMkm means, for aiCBmple. wrWng 3.2x1 0^ rather than 320000. 



I numbers with the correct number of significant figures correctly communicates how accurate they 
are. Aa a nile of thumb, the final result of a calculation is no more accurate than, and shoukl have no more 



ChaplBf 0 kifeuduoSon and Ravfaw 
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Homework Problems 



1. ComattRofacalcttlnor.(a/)Cakulice7=r^^^ onacabob- 

53222 + 97554 

tor. 

[Self-check: The most common mistake results in 97555.40.) 

(b) \Kluch would be more like the price of aTV, and which would be more 
Idte the price of a house. $ 3.5x10' or $ 3.5*? 

2. Compute liic following things. If they don't niAc seiue because of units, 
ngrto. 

(a)5cni-i-5cm (b) l.ll in«22aii 

(c) 1 20 miles 4 2.0 hours (d) 1 20 miles / 2.0 hours 

3. ^uur backyard has brick walk un butli cndi*. ^ou measure a distance ot 

23w4 m fiom die ioride of one irafl m die ioMde of die othet Eadi wdl tt 

29.4 cm thick. How far is it from the outside ofonewaUto die ouoide of 

the other? Pay attention to significant figures. 

4 /. The speed of light is 3.0x10" m/s. ('onvcrt this to furlongs per fort- 
night. A hulong is 220 yards, and a fortnight is 14 days. An inch is 2.54 
cm. 

5 1^. E]q>iess each of the following quantities in mictograins: (a) 1 0 mg. (b) 
10* ^ (cO 10 k» («0 lOOxlfP ^ (e) 1000 ng. 

6 S. Gonrat 134 ing ID onitt of 1^ wihiiig Toor aiMncr in 
nottootk 

7/>In ilu 1 1^1 century, the average age of the onset of puberty for gM* he* 
decreased by several years. Urban folklore has it t!i.i! this 1% bctause of 
honnooes fed to beef cattle, but it is more likely to be because modern girls 
have more bodjrfiK on die avers^e and possibly becauie of es trog en * 
mimicking chemicals in the environment from the breakdown of pesdcidea. 
A hamburger from .i hormone-implanted steer has about 0.1 nv. ot estrogen 
(about double the amount of natural beef). A serving of peas contains about 
300 ng of estrogen. An adidtWMHUiprodiweidbout 0.5 mg of estrogen per 
day (note the diffiwent unhO* (■) How mangrhambufgn would a girl have 
to cat in one day to t onsume .is much estrogen ai an adukwDaianIil<lliljr 
pnxluctionr (b) How many servings of peas? 

8 S. The asual dcfmition ot the mon '.iverage) of rwo numbers a and h is 
{,a*b)ll. This is called the arithmetic i»can. I he g^metric mean, however, 
is defined as igb) For the sake of definiieness, let's say bodi munbers have 

units of mass, (a) C'ompute the arithmetic mean of rwo numbers that have 
units of grams. I hen convert the numbers to units of kilograms and 
recompute their mean. Is the answer consistent.' (bj Do the same tor the 
geometik meui. (c) and ^ both haw unhi of gnma, «Aat dMMild t«e 

call the units of Docs your answer make sense when you take the square 
root' idl Suppose someone proposes to you a third kind of mean, called the 
supcrduper mean, dttincd as (.//')' '. Is this reasonable? 

S A 'iokiridn i-. gis'cn in the back ol the b<x>k. * A difficult problem. 

/ A computerized answer check is available. i A problem that requires calculus. 
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Life would be very different if 
you were the size of an insect 



Scaling and Order-of- 
Magnitude Estimates 



1.1 Introduction 




Amoebas this size are seldom 

encountered. 



Why can'i an insect be the size of a dog? Some skinny strctched-out cells 
in your spinal cord arc a meter tall — why does nature display no single 
cells that are not just a meter tall, but a meter wide, and a meter chick as 
well? Believe it or not, these are questions that can be answered fairly easily 
without knowing much more about physics than you already do. The only 
mathematical technique you really need is the humble conversion, applied 
to area and volume. 

Area and volume 

Area can be defined by saying that we can copy the shape of interest 
onto graph paper with 1 cm x 1 cm squares and count the number of 
squares inside. Fractions of squares can be estimated by eye. We then say the 
area equals the number of squares, in units of square cm. Although this 
might seem less "pure" than computing areas using formulae like A=nr for 
a circle or A=whll for a triangle, those formulae arc not useful as definitions 
of area because they cannot be applied to irregularly shaped areas. 

Units of square cm arc more commonly written as cm* in science. Of 
course, the unit of measurement symbolized by "cm" is not an algebra 
symbol standing for a number that can be literally multiplied by itself But 
it is advantageous to write the units of area that way and treat the units as if 
they were algebra symbols. For instance, if you have a rectangle with an area 
of 6 m* and a width of 2 m. then calculating its length as (6 m')/(2 m)=3 m 
gives a result that makes sense both numerically and in terms of units. This 
algebra-style treatment of the units also ensures that our methods of 



^ aterlai 



converting units work out correctly. For instance, if we accept the fraction 

100 cm 
Im 

as a valid way of writing the number one, then one rimes one equals one, so 
we should also say that one can be represented by 

100 cm ^ 100 cm 
1 m 1 m 
which is the same as 

lOOO Ocm^ 
Im^ 

That means the conversion factor from square meters to square centi- 
meters is a factor of 10^, i.c. a square meter has 10'* square centimetexs in 
it. 

All of the above can be easily applied to volume as well, using one- 
cubic-centimeter blocks instead of squares on graph paper. 

To many people, it seems hard to believe that a square meter equals 
10000 square centimeters, or that a cubic meter equals a million cubic 
centimeten — they think it would make more sense if there were 1 00 cm^ 
in I m*. and 100 cm' in 1 m\ but thai would be incorrect. The examples 
shown in the figure below aim to make the correa answer more believable, 
using the traditional U.S. units of feet and yards. (One foot is 12 inches, 
and one yard is three feet.) 



1ft 1y<l = 3ft 



□ 

1 ft2 



1 yd2 = 9 ft2 




1 y(j3 = 27 ft3 




Self-Check 

Based on the figure, convince yourself that there are 9 ft' in a square yard , 
and 27 ft^ in a cubic yard, then demonstrate the same thing symbolically (i.e. 
with the method using fractions that equal one). 

Discussion question 



A i-low many square centimeters are there in a square inch? (1 irKh=2.54 cm) 
First tir>d an approximate answer by making a drawing, then derive the 
conversion factor more accurately usir>g the symbolic method. 




1 yrf'xO tt/1 yd)'=9 ft^. 1 yd^(3 ft/1 yd)3=:27 ffi. 

Chapter 1 Scaling and Order-of-Magnitude Estimates 



1 aterial 




Galileo Galiiei (1564-1642) was a Renaissance Italian who brought the scientific 
method to bear on physics, creating the modem version of the science. Coming 
from a noble Ixjt very poor family, Galileo had to drop out of medical school at 
the Unrversfty of Pisa when he ran out of mor>ey. Eventually becoming a lecturer 
in mathematics at the same school, he began a career as a nolonous 
troublemaker by writing a burlesque ridiculing the university's regulations — he 
was forced to resign, but fourxj a new teaching position at Padua. He invented 
the pendulum clock, investigated the motion of falling bodies, and discovered 
ttie moons of Jupiter. The thnjst of his life's worV was to discredit Anstotle's 
physics by confronting it with contradictory expenments. a program which paved 
the way for Newton's discovery of the relationship between force and motion In 
Chapter 3 we ll come to the story of Galileo s ultimate fate at the hands of the 
Church. 



1 .2 Scaling of Area and Volume 




The small boat holds up just fine. 




Great fleas have lesser fleas 
Upon their backs to bite em. 
And lesser fleas have lesser still, 
And so ad infinitum. 

Jonathan Swift 

Now how do these conversions of area and volume relate to the ques- 
tions I posed about sizes of hving things? Well, imagine that you are shrunk 
like Alice in Wonderland to the size of an insect. One way of thinking 
about the change of scale is that what used to look like a centimeter now 
Umks like perhaps a meter to you, because you're so much smaller. If area 
and volume scaled according to most people's intuitive, incorrect expecta- 
tions, with 1 m* being the same as 100 cm', then there would be no 
particular reason why nature should behave any differently on your new, 
reduced scale. But nature docs behave differently now that you're small. For 
instance, you will find that you can walk on water, and jump to many times 
your own height. The physicist Galileo Galilei had the basic insight that the 
scaling of area and volume determines how natural phenomena behave 
differently on different scales. He first reasoned about mechanical struc* 
rurcs, but later extended his insights to living things, taking the then-radical 
point of view that at the fundamental lc\ el. a living organism should follow 
the same laws of nature as a machine. We will follow his lead by first 
discussing machines and then living things. 

Galileo on the behavior of nature on large and small scales 

One of the world's most famous pieces of scientific writing is Galileo's 
Dialogues Concerning the Two New Sciences. Galileo was an entertaining 
writer who wanted to explain things clearly to laypeople, and he livened up 
his work by casting it in the form of a dialogue among three people. Salviati 
is really Galileo's alter ego. Simplicio is the stupid charaaer, and one of the 
reasons Galileo got in trouble with the Church was that there were rumors 
that Simplicio represented the Pope. Sagredo is the earnest and intelligent 
student, with whom the reader is supposed to identify. (The following 
excerpts are from the 1914 translation by Crew and de Saivio.) 



A larger boat built with the same 
proportions as the small one will 
collapse urxler its own weight. 




A boat this large needs to have timtjers 
that are thicker compared to its size. 



Section 1 .2 Scaling of Area and Volume 
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This plank is the longest it 
can be without collapsing 
under its own weight. If it 
was a hundredth of an inch 
longer, it would collapse. 



This plank is made out of the 
same kind of wood. It is twice 
as thick, twice as long, and 
twice as wide. It will collapse 
under its own weight. 



(After Galileo's onginal drawing.) 

Salviati: ...we asked the reason why [shipbuilders] employed stocks, 
scaffolding, and bracing of larger dimensions for launching a big vessel than 
they do for a small one; and [an old man] answered that they did this in order 
to avoid the dar>ger of the ship parting under its own heavy weight, a danger to 
which small boats are not subject? 

Saoredo. Yes. that is what I mean; and I refer especially to his last assertion 
which I have always regarded as false...: namely, tf^t in speaking of these and 
other similar machines one cannot argue from the small to the large, because 
many devices which succeed on a small scale do not work on a large scale. 
Now. since mechank;s has its foundations in geometry, where mere size [ is 
unimportant], I do not see that tf>e properties of orcies, triangles, cylinders, 
cones and other solid figures will change with their size. If, therefore, a large 
machine be constructed in such a way that its parts bear to one another the 
same ratio as in a smaller one, and if the smaller is sufficiently strong for the 
purpose for which it is designed, I do not see why the larger should not be able 
to withstand any severe and destructive tests to which it may be subjected. 

Salviad contradicts Sagrcdo: 

Salviati: ...Please observe, gentlemen, how facts wt^ at first seem 
Improbable will, even on scant explanation, drop the cloak which has hidden 
them and stand forth in naked and simple t>eauty. Who does not know that a 
horse falling from a height of three or four cubits will break his bones, while a 
dog falling from the same height or a cat from a height of eight or ten cubits wiN 
suffer no injury? Equally harmless woukj be the fall of a grasshopper from a 
tower or the fall of an ant from the distance of the moon. 

The point Galileo is making here is that small things are sturdier in 
proportion to their size. There are a lot of objectioru that could be raised, 
ho%vrvcr. After all, what does it really mean for something to be "strong", to 
be "strong in proportion to its size," or to be strong "out of proportion to its 
size?" Galileo hasn't spelled out operational definitions of things like 
"strength," i.e. definitions that spell out how to measure them numerically. 

Also, a cat is shaped differently from a horse — an enlarged photograph 
of a cat would not be mistaken for a horse, even if the photo-doctoring 
experts at the National Inquirer made it look like a person was riding on its 
back. A grasshopp»er is not even a mammal, and it has an cxoskcleton 
instead of an internal skeleton. The whole argument would be a lot more 
convincing if we could do some isolation of variables, a scientific term that 
means to change only one thing at a time, isolating it from the other 
variables that might have an cfTca. If size is the variable whose effect we're 
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Galileo discusses planks made of 
wood, but the concept may be easier 
to imagine with clay. All three clay rods 
in the figure were onginally the same 
shape. The medium-sized one was 
twice the height, twice the length, and 
twice the width of the small one. and 
similarty the large one was twice as 
big as the medium one m all its linear 
dimensions. The big one has four 
times the linear dimensions of the 
small one. 16 times the cross-sectional 
area when cut perpendicular to the 
page, and 64 times the volume. That 
means that the big one has 64 times 
the weight to siq^port. but only 1 6 tia>es 
the strength compared to the smallest 
one. 



interested in seeing, then we don't really want to compare things that are 
ditTcrcnt in size but also different in other ways. 

Also, Galileo is doing something that would be frowned on in modern 
science: he is mixing experiments whose results he has actually observed 
(building boats of different sizes), with experiments that he could not 
possibly have done (dropping an ant from the height of the moon). 

After this entertaining but not scientifically rigorous beginning, Galileo 
starts to do something worthwhile by modern standards. He simplifies 
c\ crything by considering the strength of a wooden plank. The variables 
involved can then be narrowed down to the type of wood, the width, the 
thickness, and the length. He also gives an operational definition of what it 
means for the plank to have a certain strength "in proportion to its size," by 
introducing the concept of a plank that is the longest one that would not 
snap under its own weight if supported at one end. If you increased its 
length by the slightest amount, without increasing its width or thickness, it 
would break. He says that if one plank is the same shape as another but a 
different size, apf>earing like a reduced or enlarged photograph of the other, 
then the planks would be strong "in proportion to their sizes" if both were 
just barely able to support their own weight. 

He now relates how he has done actual experiments with such planks, 
and found that, according to this operational definition, they are not strong 
in proportion to their sizes. TTie larger one breaks. He makes sure to tell the 
reader how important the rcsidt is, via Sagrcdo's astonished response: 

Sagredo: My brain already reels. My mind, like a cioud momentanly illuminated 
by a lightning flash, is for an instant filled with an unusual light, which now 
beckons to me and which now suddenly mingles and obscures strange, crude 
ideas. From what you have said it appears to me impossible to build two 
similar structures of the same matenai, but of different sizes and have them 
proportionately strong. 

In other words, this specific experiment, using things like wooden 
planks that have no intrinsic scientific interest, has very wide implications 
because it points out a general principle, that nature acts differently on 
different scales. 

To finish the discussion, Galileo gives an explanation. He says that the 
strength of a plank (defined as, say, the weight of the heaviest boulder you 
could put on the end without breaking it) is proportional to its cross- 
sectional area, that is. the surface area of the fresh wood that would be 
exposed if you sawed through it in the middle. Its weight. howe\-er, is 
proportional to its volume.* 

How do the volume and cross-sectional area of the longer plank 
compare with those of the shorter plank? Wc have already seen, while 
discussing conversions of the units of area and volume, that these quantities 
don't act the way most people naively expect. You might think that the 
volume and area of the longer plank would both be doubled compared to 
the shorter plank, so they would increase in proportion to each other, and 
the longer plank would be equally able to support its weight. You would be 
wrong, but Galileo knows that this is a common misconception, so he has 



•(Jalilco makes a sli^ily more complicated argument, taking into account ific effect ot locragc (torque). ITic rciuli I'm 
referring to comes out the same regardless of this effect. 
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Salviati address the poini specifically: 




Salvuti: ...Take, for example, a cube two inches on a side so that each face 
has an area of four square inches and the total area, i e . the sum of the six 
faces, amounts to twenty-four square inches: now imagirw this cube to be 
sawed through three times [with cuts in three perpendicular planes] so as to 
divide it into eight smaller cubes, each one inch on the side, each face one 
inch square, and the total surface of each cube six square inches instead of 
twenty-four in tt>e case of the larger cube It is evident therefore, that the 
surface of the little cube is only one-fourth that of the larger, namely, the ratio 
of six to twenty-four; but the volume of the solid cube itself is only one-eighth; 
the volume, and hence also the weight, diminishes therefore much more 
rap«dty than the surface.. You see, therefore, Simplicio, that I was not mistaken 
wtien ... I said that the surface of a small sdid is comparatively greater than 
that of a large one. 

rhc same rrasoning applies to the planks. Even though they are not 
cubes, the large one could be sawed into eight small ones, each with half the 
length, half the thickness, and half the width. The small plank, therefore, 
has more surface area in proportion to its weight, and is therefore able to 
support its own weight while the large one breaks. 

Scaling of area and volume for irregularly shaped objects 

You probably are not going to believe Galileo's claim that this has deep 
implications for all of nature unless you can be convinced tlut the same is 
true for any shape. Ever)' drawing you've seen so far has been of squares, 
rectangles, and rectangular .solids. Clearly the reasoning about sawing things 
up into smaller pieces would not prove anything about, say, an egg, which 
cannot be cut up into eight smaller egg-shaped objects with half the length. 

Is it always true that something half the size has one quarter the surface 
area and one eighth the volume, even if it has an irregular shape? Take the 
example of a child's violin. Violins arc made for small children in lengths 
that arc either half or 3/4 of the normal length, accommodating their small 
hands. Let's study the surface area of the front paneb of the three violins. 

Consider the square in the interior of the panel of the fiill-sizc violin. In 
the 3/4-sizc violin, its height and width are both smaller by a factor of 3/4, 
so the area of the corresponding, smaller square becomes 3/4x3/4=9/16 of 
the original area, not 3/4 of the original area. Similarly, the corresponding 
square on the smallest violin has half the height and half the width of the 
original one, so its area is 1/4 the original area, not half 

The same reasoning works for parts of the panel near the edge, such as 
the part that only partially Blls in the other square. The entire square scales 
down the same as a square in the interior, and in each violin the same 
fraction (about 70%) of the square is full, so the contribution of this pan to 
the total area scales down just the same. 

Since any small square region or any small region covering pan of a 
square scales down like a square objea, the entire surface area of an irtcgu- 
larly shaped object changes in the same manner as the surface area of a 
square: scaling it down by 3/4 reduces the area by a factor of 9/16, and so 
on. 

In general, we can sec that any time there are two objects with the same 
shape, but different linear dimensions (i.e. one looks like a reduced photo of 
the other), the ratio of their areas equals the ratio of the squares of their 
linear dimensions: 
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Note that It doesn I nutter where we choo&e to nicasurc the hnear size, L, of 

an object. In die CM of die vioBm, for iiutanoe, h oould hiM 

sured vertically, hori/ontally. diagonally, or even from die boftom of die left 

f-holc to the middle at the right f-holc. Wc just h.t\c to measure it in a 

consistent way on each violin. Since ail the pans are assumed to shrink or 

cymdindiewunciiuuMiefidieiaiioIi/I^kindcpcndrMofdiedioioeof 



It is also imponant to tealiie dnc k is oompletely unnecessary to have a 

formula for the area of a violin, h is only possible to derive simple formulas 
tor the areas ot certain shapes like circles, rectangles, triangles and so on, but 
that is no impcdimenr to rhe type of reasoning we are using. 

Sometimes it is inconvenient to write all the equations in terms of 
fadosi cipedall)r irfien nioR dian nm objectt aie bei^ 
oompaa wqr of inwridng ilie previous eqintion is 

A^L~ . 

The svmbnl ' > ' means "is proportiooal to." Scientists .ind engineers often 
speak about such tdatiomhips verbally using the phrases "scales liitc" or 
"goes lfte>* Ibr ingancc "area goes like length squared." 

AU of the above reasoning wotits just as wdl in the case of volume. 
\Uttiiie goes like lei^;lh cubed: 

I'™: . 

It dittcrcnt objects arc made of the same material with the same density, 
pam/K then their masses, M-pK are praportional to Z. \ and so are their 
wdg^ (The fTinbot lor demiqr it p, die lonw^^ 

An imponam poim is diac aD of die above reaaooiog about scding only 
applies to objects that are the sane dMpc; For inmiicei a piece of p^Mtii 
laiger than a pencil, but has a much greater .surface-to-volume ratio. 

C^ne of the first things I learned .is a te.icher \v,)>. th.it students were not 
very original about their mistakes. Every gtoup of siudenu tends to come 
up with tfaesamegcwftas tbepterioasck&Tliefelkmingaieaoaie 
esunples of comet and inoonect irawning about pmpomoiialiQn 
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The big triangle has tour times more 
MMI VMH Mito OfM^ 




Q ! B w doM ; ln$fr(a),ifael ^ g a ai M i^lttiAlttw>iceitloii^ 

How m.inv rim« greater is irs irca? 

Correci solution #1: Area scales iii proporiion to the square of the 
Biicif diim' I im H 1 1 > lotfactMyrtrwtiglrlMifeiirtimcimoiiBifM 
OM). 

Correct solution #2: You could tut the larger triancit mu\ fnnr of 
the smaller size, as shown in fi^ (bj. so its area is lour (inics ^eatec 

ooiTCct, but It WDulcl not woric fer 9 dnpe likB A 
cilde^ which can't be cut up imo smaller circles.) 
Correct solution #3: The area of a triangle is given bjr 

A ^ \ M^wiiaeiisdiebaieaodAisdieliBii^TlieaMMoftlie 

oiaoglesaiie 

m \ 

-2*,*, 

iV^,.(2*,A,)/(J*,A,) 
-4 

(Althoti^ this solution is correct, it is a lot more work than 

solution #1 . and it can only be used in this case because a triangle is 
a simple g^mctnc shape, and wc happen to know a Ibrmula for ia 

Goima MlndM f4: The area of a tiiai^ k il > ^ M. Tlie 
co Hip a n toii tf^ttt areas w3l come out the rene at loo^ at the tanot 

of the linear si/ts ot the triangles is as specified, so lets jtlSt say 
A, = I.OO m and ^,=2.00 m. The heights are then also A, = 1.00 m 
and hj'lSiO m, giving areas A^=0.50 m" and A^'^l.OO ai', so 

(Theaofattion 'is correct, but it wouldn't work with a shape for 
whoM area we don't have a formula. ,\lso. the numerical calculation 
nug^ make the answer of 4.UU appear inexact, whereas solution # 1 
mdn it dear diat it ii cnctly 4.) 

I iiooewc t a nimi B U' 'niea«aofatriaiig|eia.^« j[ iifcandifyou 

phig in b«2.00 m and ha2.00 m, you get Ab2.00 m', ao the bigger 
i ri a ng ^ haa 2.00 rimes more area. (This solution is incorrect 

bwawe iw compiiiaoo hat been made wwfa riK mialirr triai^lf ) 
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(c) 




The btg sphere has 125 times more 
volume than the little one. 



Example: scaling of the volume of a sphere 

Question: In figure (c), the larger sphere has a radius that is five 
times greater. How many times greater is its volume? 
Correct solution #1: Volume scales like the third power of the 
linear size, so the larger sphere has a volume that is 125 times 
greater (5^=125). 

Correct solution #2: The volume of a sphere is V= j Jlr*. so 
V = ^itr? 
- 500^3 



VJV, 



5Q0, 
3 

= 125 



Incorrect solution: The volume of a sphere is Hr^, so 



S S 

(d) The 48-point "S" has 1.78 times 
more area than the 36-point ""S." 



3 



=5 

(The solution is incorrect because (5r|)^ is not the same as v{ .) 
Example: scaling of a more complex shape 

Question: The first letter "S" in fig. (d) is in a 36-point font, the 
second in 48-point. How many times more ink is required to make 
the larger "S"? 

Correct solution: The amount of ink depends on the area to be 
covered with ink, and area is proportional to the square of the linear 
dimensions, so the amount of ink required for the second "S" is 
greater by a faaor of (48/36)"« 1 .78. 

Incorrect solution: The length of the curve of the second "S" is 
longer by a factor of 48/36= 1 .33, so 1 .33 times more ink is 
required. 

(The solution is wrong because it assumes incorrectly that the width 
of the cur\'e is the same in both cases. Actually both the width and 
the length of the curve are greater by a factor of 48/36, so the area is 
greater by a factor of (48/36)^=1.78.) 
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Discussion quetllom 

^^^^^^^ A A toy fire engine is 1 '30 the si/e of the real one bj! is constructed from the 
^^^^^^^ same mrtal wilh the same proportions. How many limes smaller is it» xneiglit? 
^^^^^^^^^B Howf iMfiy ihiMe leee fsd peiM would be needed to pdnl K7 

B. Galileo spends a lot of time in his dialog discussing what really happens 
vrtien things break. He discusses everythir>g in terms of Aristotle's now- 
discredited explanaion that things are hard to break, because if somelNno 
breaks, there has to be a gap between the two hatves with nothing In between, 
at least Injtlally. Nature, accordkig to Aristotle, "atthors a vacuum.* I.e. rtature 
doesn 1 "like" empty space to exist. Of course air '.vil' rush into Ihe gap 
immediately, but at ttte very moment of brealurtg, Anstotle imagirwd a vacuum 
>i lie QUI !■ Aililnlirt emilMirfnn nf wtiy I li hanlti Iwii Mnpi m 
experimentally Iwntrtile liiiiinnlT i 90, how coi<d 1 b» leeled 
expenmentally? 

1 ,3 Scaling Applied to Biology 

Organtonw of dNIirant sIZM with the same shape 

The fim of the felluwiii^ pipln Aowi the eppccMame wihdiy of die 

pflopoitionalit)' moc/.' for cockroadics (redrawn fiom McMahon and 
Bonner). The scatter of the points around the curve indicaces th.it some 
cockroaches axe propoitioned slighdy diiierendy from others, but in general 
the daw seem wj described by iw«i^ That meaiM thai d>ekig«oockr 
loacfaa the eq>crimentcr couU niw Ck thoK • 4-H pcn^ had MMiglity die 
same shape as the smallest ones. 

Another relationship that should exist for animals of different si/cs 
shaped in the same way is dut between sui^mx area and body mass. U all 
ihe aninMlii have die fane cvcnge dtuuift then bodjr iiuss dnold be 
proponional to the cube of the animals linear she, m<xZ\ while surfittC 
area should var)' proponionatcly to L^. Therefore, the animals surface areas 
dioiUd be proportional to in^^. As shown in the second graph, this relation- 
diip appears w hold qinte wdl 6rdM dwaifatren, a type of eahaaewia: 
Nocioe how the curv e bends o«c« mraning diat the sur^Ke area doa not 
incmsc .is qiiicklv .is body m.iss. e.g. a salamander with cig^tilMinKMe 
body m.iss will have only tour times more surface area. 

This behavior of the tatio of surface area to mass (or, equivalendy, the 
ratio of surface area to volume) has important consequences for mammals, 
which BUM nniininaooiMam body tenpemuebwoi^ 
the rate of heat loss through the animal's skin to be proportional to its 
surface area, so we should expect small animals, having large ratios of 
surface area to volume, to need to produce a great deal of heat in oompari- 
soil IP nww SMC M> awiiB i^iog imm miw ouuy iciinwiaiuiB, imcapmar 
tkm is borne out by the data of the third graph, showing the rate of oxygen 
consumption of guinea pigs as a function of their body mass. Neither an 
animal s heat production nor its siuface area is convenient to measure, but 
in owkf tp p to dii og htu, the amtnal muw m ft d ho l nf ov ff gutt $o OKfffin 
codSumplMMi is a good indicator of the rate of heat producnon. Since 
surfiice area is proportional to w^', the p^oportionalir^• of the rate of oxygen 
consumpdon to mr'^ is consistent with the idea that the animal needs to 
produce heat eta tate in pw*p'M*i*M» *** *** — — a AUum^ mil*! 
—'■mIs metabolize less oxygen and produce IflH hcBt in Aetd nie tCOns, the 
amount of food and oxygen they must consume is prearer in proportion to 
their own mass. The Etruscan pigmy shrew, weighing in at 2 grants as an 
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Galileo's original drawing, a tiowlng 

how larger animals' bones must be 
greater tn diameier oomparad lo thair 



aduk, k ac aboot the lower m Unit far nHinniak k 
coimmmi^ amui^ omcs lo body w*c^j^n cscit to mwivc* 

ChMigw In atap* to accommodate dwngM In size 

Large mamm.ils. sikH .i^ clcphanrs. h.ivc .i ^mall r.itio of surface area tO 
volume, and have problenu getting rid ot their heat fast enough. An 
elephant cannot sunpiy cat small enough amounts to keep (mm producing 
cxccmvc ncac » nminc ccm nocu to osw a ocmni niiiiinwBii luciaiwiiHi bbb 
to run their internal machinery. Hence the elephants large cars, which add 
to its surface area and help it to cool itself. Previously, we have seen se\'eral 
examples of dau within a given species that were con&i&tent with a fixed 
jMp^acriadiipaaddoimindigamofind Wdi rii p f ri i iirM The 
depfaant't can aic an OHUiyle «f ■ cliai^ in dMpe aeoewt^^ 
in Kale. 

I .upe .mlm.iK .ilso must be able to support their own weight. Returning 
to the example uf the strengths of planks of di&tent sizes, we can see that if 
die Mwi i gi l h of tlie plank depends on ana wlile id weight depends on 

Thus, die abifiqr of objects n> flippoct dMir own lae^Hi decreaacs 

inversely in pi opo r tiB n ID ijatu linear dimensions. If an object is to be jutt 
barely able to support its own weight, then a larger veenon will have U> be 

proportioned cliHcrentl). with a different shape. 

Since the dau on the cockroaches seemed to be consistent with roughly 
similar shapes widiin die tpcdet, it appeals diat die abiUqr <o si^tpocc its 
own wei^t was not die dgbmt dedgn CMHtnim that Nitm 

under when she designed them I-Or l.irgc anitnals, structural strength is 
important. Galileo was ilie first to quantify this reasoning and to explain 
why> for imtancc, a large animal must have bones that are thicker in 
pBDpo n ien w> dicir length. Consider a ponghlrci^iiidricalbciie such as a leg 
bone or a vertebra. Tlic length of the bone. /. is dictated by the oM-r.tl! 
linear size of the animal, since the animal's skeleton must reach the animal's 
wfa(^ length. We expea the animal s mass to scale as Z,^. so the strength of 
the bone must abo scale as X*« Stwngth k pwyonional to croii sectional 
ana. as with the wooden pbnlo, so if die diameter of the bone is 4^ then 

or 

If the shape suycd the same rcgardlcu ot size, then all linear dunensions, 
indndlng i/and £, would be pfoporrionsi to one anotheE. If onr w aanning 
holds, dien the fact that d\s proportional to L'' - . tun L, implies a dumgein 
proportions of the bone. As shown in the graph on the previoiis paget the 
vertebrae of African fiovidac follow the rule </oc /.^'^ faitly well. The 
v t udiia e of die giam eland ate as chunlqr at a oofiee nm^ while those of a 
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Discussion questions 

A Single-celled animals must passively absorb nutnenls and oxygen from their 
surroundings, unlike humans who have lungs to pump air in and out and a 
'^eart to distribute the oxygenated blood throughout their bodies. Even the cells 
composing the bodies of multicellular animals must absorb oxygen from a 
nearby capillary through their surfaces. Based on these facts, explain why cells 
are always microscopic in size. 

B. The reasoning of the previous question would seem to be contradicted by 
the fact that human nerve cells in the spinal cord can be as much as a meter 
long, although their widths are still very small. Why is this possible? 

1 .4 Order-of-Magnitude Estimates 

It is the mark of an instructed mind to rest satisfied with the degree of preci- 
sion that the nature of the subject permits and not to seek an exactness 
where only an approximation of the truth is possible. 

Anstotle 

It is a common misconception chat science must be exact. For instance, 
in the Star Trek TV series, it would often happen that Captain Kirk would 
ask Mr. Spock, "Spock, we're in a prctt)- bad situation. What do you think 
arc our chances of getting out of here? " The scientific Mr. Spock would 
answer with something like, "Captain, I estimate the odds as 237.345 to 
one." In reality, he could not have estimated the odds with six significant 
figures of accuracy, but nevertheless one of the hallmarks of a person with a 
good education in science is the abilit)- to make estimates that are likely to 
be at least somewhere in the right ballpark. In many such situations, it is 
often only necessary to get an answer that is off by no more than a hctot of 
ten in cither direction. Since things that differ by a factor of ten arc said to 
differ by one order of magnitude, such an estimate is called an ordcr-of 
magnitude estimate. The tilde, ~, is used to indicate that things arc only of 
the same order of magnitude, but not exactly equal, as in 

odds of survival ~ 100 to one . 

The tilde can also be used in front of an individual number to emphasize 
that the number is only of the right order of magnitude. 

Although making ordcr-of-magnitude estimates seems simple and 
natural to experienced scientists, it's a mode of reasoning that is completely 
unfamiliar to most college students. Some of the t)'pical mental steps can be 
tllustfated in the following example. 
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Example: Cost of transporting tomatoa 

Question: Roughly what percentage of the price of a tomato comes 
from the cost of transporting it in a truck? 

The following incorrect solution illustrates one of the main ways you can go 
wrong in order-of-magnitude estimates. 

Incorrect solution: Let's say the trucker needs to make a S400 
profit on the trip, laking into account her benefits, the cost of gas, 
and maintenance and payments on the truck, let's say the total cost 
is more like $2000. I'd guess about 5000 tomatoes would fit in the 
back of the truck, so the extra cost per tomato is 40 cents. That 
means the cost of transporting one tomato is comparable to the cost 
of the tomato itself Transportation really adds a lot to the cost of 
produce, I guess. 

The problem is that the human brain is not very good at estimating 
area or volume, so it turns out the estimate of 5000 tomatoes fitting in the 
truck is way off. That's why people have a hard time at those contests where 
you arc supposed to estimate the number of jellybeans in a big jar. Another 
example is that most people think their families use about 10 gallons of 
water per day, but in reality the average is about 300 gallons per day. When 
estimating area or volume, you are much better off estimating linear 
dimensions, and computing volume firom the linear dimensions. Here's a 
better solution: 

Better solution: As in the previous solution, say the cost of the trip 
is $2000. The dimensions of the bin are probably 4mx2mxlm, 
for a volume of 8 m\ Since the whole thing is just an order-of- 
magnitude estimate, let's round that off to the nearest power of ten, 
10 m ^ The shape of a tomato is complicated, and I don't know any 
formula for the volume of a tomato shape, but since this is just an 
estimate, let's pretend that a tomato is a cube, 0.05 m x 0.05 m x 
0.05, for a volume of 1.25x10"* m'. Since this is just a rough 
estimate, let's round that to 1 0"^ m'. We can find the total number 
of tomatoes by dividing the volume of the bin by the volume of one 
tomato: 10 m^ / 10"* m' = 10^ tomatoes. The transportation cost 
per tomato is $2000/10^ tomatocss$0.02/tomafo. That means that 
transportation really doesn't contribute very much to the cost of a 
tomato. 

Approximating the shape of a tomato as a cube is an example of another 
general strateg)' for making order-of-magnitude estimates. A similar situa- 
l , ^ ^ tion would occur if you were trying to estimate how many m' of leather 

could be produced from a herd of ten thousand canle. There is no point in 
X X trying to take into account the shape of the cows' bodies. A reasonable plan 

1^ ^ ^\ of attack might be to consider a spherical cow. Probably a cow has roughly 

^ I the same surface area as a sphere with a radius of about 1 m, which would 

^ ^ r / ^ ^^^^ well-known facts that pi equals three, and four 

\^ y times three equals about ten, we can guess that a cow has a surface area of 

y^-^rij about 10 m-, so the herd as a whole might yield 10^ m' of leather. 
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The feOowiiig list mmmarizei Jietoatcgics for getting a good order-of- 
magnitude esdmaBe: 

(1) Don't even attempt more than one significant figure of pa-cision. 

(2) Don't guess area or volume direaly. Guess linear dimensions and 
get area or voiume from dieni. 

(3) When dealing with areas or volumes of objects with complex 
shapes, idealize thern asif dieyiiCfeMiiiesim{)lerilu|K,actibeora 
sphere, for example. 

(4) Check your final answer to see if it is teasoiublc. If you estimate 
that a had of tn diflSMmd catife wookl yield OjOI 

dien you have imibafalf made a nuanlBe widi ooomaiM 
somewhere. 
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Summary 



Notation 

•e b proponional CO 

' on the Older of, b on the order of 

Stmunary 

Nature behaves drfterently on large and small scales Galileo showed that thts results fundamentally from 
the way area and volume scale. Area scales as the second power of length, M I}, while volume scales as 

Ml OnMr OT ffngnMUaS OTQIimS K OflB n wtNOn WB QO IWI ■HBinpi Or OiqMCI ■11 6K8CI WWtlm. InO nUMn 

reason why the uninitiated have trouble with order-of-magnitude estimates is that the human brain does not 
inluitively make accurate estimates of area and volume. Estimates of area and volume should \m approached 
liy lini MlbiiMbiO kiMT dkiMfisionc, vMoh 0M% bfsin Imb fMl fof* 

Homework Problems 

1 /. Hoir mnqr cobk nidia aie dine w a cdik fini? llie aniwcr » 
12. 

2. Assume a dog's brain b twke is great in diameter as a cat's, but each 

aoinial''' hr iin cells trc- the same size and their brains arc the s.imc shape. In 
addition to being a far better companion and much nicer to come home to, 
hoir OMiqr ttmet DKMc bcain ceUt does a dog have than a cat? The answer is 
II0C2. 

TIUKof San Franctaoo b about 6000 pcoplc/km^. How many times Birther 
away is the average person*! neaiat wa^^iSom in LA. than in San Fnacttoo? 

The answer is not 1.5. 

4. A hunting dog's nose has about 10 square indies of active surface. How 
N dw possible, «noe die dog's nose b oaty aboMt 1 IB X I ki X 1 ia « lliA 
After an. 10 b f«Kr dum 1» w hoir out it fitf 

5. Eaiimate die number of blades of giBW on a feotbaU fidd. 

6i.la><o mp ii ifr memoiycliybeMhbicofiii fen a a <i<>n(aOofal)bsBBied 

in a single tiny circuit etched onto the surface of a silicon chip. The dnniits 
cover the surface of the chip like lots in a housing development. A typical 
chip &torc$ 04 Mb (megabytei) ot data, where a byte is 8 bits. Estimate (aj 
the area of each dicuii^ and (b) its lincv 

7. wmmnrhiiilt n;i[;inrir ipirtmrnrhiiildint, mrmirint Iffilrm 
X 10 km at the base. Estimate how tall the building would bm to be to 
have space in it fix tlie entire world's population to live. 

8. A hamhurger chain advertises that it has sold 10 billion Bongo Burgers. 
Estimate the total mass of fiecd required to raise the cows used to make ciK 
burfcers. 

9. Lstini Kc rhf volume ot a human body, in cm'. 
10 S. How many cm^ is 1 imn^? 



S A aolucioo b given in the back of the book. A difficult problem. 

/ A oompmeriaedaofucrclieckb available. / A problem that teyiiws calculus. 
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lis. Compare the Kght-gaihering pofwcn ofa^-cm^mnrr idaoopc and 
a90<iii ctl oo o p c 

12. S. One step on the lUdiier acde axiespomk to a fiuxor of 1(M) in tmns 

of tlic cncrg) absorbed by somftliirig on the surface of the Earth, e.g. a 
house, l-or instance, a 9.3-magnjtudc quake would release 100 times more 
energy than an 8.3. The energy spreads out from the epicenter as a wave, 
and for the ake of dm proble m weH anume Wre dealing wkh tasxak 

waves that spread out in three dimenMnns, no that we can visualize them as 
hemispheres sprcidint'. out under tlie surface oi the earth. It a certain 7.6- 
nugnitudc earthquake aiiU a certam 3.6-magnitudc cartiiquakc prcxlucc the 

aanie amount of vihadon tdiere 1 live, oompare the dimiHes fi^ 
bouse 10 die two qiioenicn. 

13/. In Europe, a piece of paper of die Standard size, called A4. is a little 

narrower and taller tb.in its American counterpart. I'he ratio of the height 
to the width is the square root of 2, and this h.v> sumc uschil properties. For 
imttnoe, ifyou attanMdheerfiomkfttD right, you gee mo mailer dieea 
diat have the same proportions. You can even buy sheets of this smaller size, 
and they're called A'> There is a whole series of si,'es related in this way, all 
with the same proportions, (a) Compare an A3 sheet to an A4 in terms of 
area and linear tize. (b)TlieKrieiof paperaaeiflamfiomanAOdiee^ 
which has an area of one square meter. Suppose we had a aerici of boom 
defined in a similar way: the BO box has a volume ot one cubic meter, tWO 
Bl boxes tit exactly inside an BO box, and so oiu \S/\ui would be the 
dimensions of a BO hox? 

14. Estimate the mas^ ut a human hair, m units ot kg. 
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Motion in One 
Dimension 

I didn't learn until I was nearly through with college that I could understand a book much better if I 
mentally outlined it for myself before I actually began reading. It's a technique that warns my 
brain to get little cerebral file folders ready for the different topics I'm going to leam. and as I'm 
reading it allows me to say to myself, "Oh, the reason they're talking abooX this now Is because 
they're preparing for this other thing that comes later." or "I don't need to sweat the details of this 
idea now, because they're going to explain it in more detail later on." 

At this point, you're about to dive in to the main subjects of this book, which are force and motion. 
The concepts you're going to leam break down into the following three areas: 

kinematics — how to descnbe motion numerically 
dynamics — how force affects motion 

vectors — a mathematical way of handling the three-dimensional nature of force and motion 

Roughly sp>eaking, that's the order in which we'll cover these three areas, but the earlier chapters 
do contain quite a bit of preparation for the later topk:s. For instance, even before the present 
point in the book you've learned at>out the Newrton, a unit of force. The discussion of force 
property belongs to dynamics, which we aren't tackling head-on for a few more chapters, but I've 
found that when I teach kinematics it helps to be able to refer to forces now and then to show 
why it makes sense to define certain kinematical concepts. And although I don't explicitly 
introduce vectors until ch. 8. the groundwori^ is being laid for them in earlier chcipters. 

Here's a roadmap to the rest of the book: 



kinematics dynamics vectors 

preliminaries 

chapters 0-1 

motion in one 
dimension 

chapters 2-6 

motion in three 
dimensions 

chapters 7-9 

gravity: 
chapter 10 
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2 Velocity and Relative 
Motion 



2.1 Types of Motion 




Rotation 



If you had to think consciously in order to move your body, you would 
be severely disabled. Even walking, which we consider to be no great feat, 
requires an intricate scries of motions that your cerebrum would be unerly 
incapable of coordinating. The task of putting one foot in front of the 
other is controlled by the more primitive pans of your brain, the ones that 
have not changed much since the mammals and reptiles went their separate 
evolutionary ways. The thinking pan of your brain limits itself to general 
directives such as "walk faster." or "don't step on her toes," rather than 
micromanaging every contraction and relaxation of the hundred or so 
muscles of your hips, legs, and feet. 

Physics is all about the conscious understanding of motion, but we re 
obviously not immediately prepared to understand the most complicated 
types of motion. Instead, we'll use the dividc-and-conqucr technique. 
We'll first classify the various types of motion, and then begin our campaign 
with an attack on the simplest cases. To make it clear what wc arc and are 
not ready to consider, we need to examine and define carefully what types 
of motion can exist. 

Rigid-body motion distinguished from motion that changes 
an object's shape 

Nobody, with the possible exception of Fred Astairc, can simply glide 
forward without bending their joints. Walking is thus an example in which 
there is both a general motion of the whole object and a change in the shape 
of the object. Another example is the motion of a jiggling water balloon as 
it Hies through the air. Wc are not presently attempting a mathematical 
description of the way in which the shape of an object changes. Motion 
without a change in shape is called rigid-body motion. (The word "body" 
is often used in physics as a synonym for "object.") 

Center-of-mass motion as opposed to rotation 

A ballerina leaps into the air and spins around once before landing. We 
feel intuitively that her rigid-body motion while her feet are oflF the ground 
consists of two kinds of motion going on simultaneously: a rotation and a 
motion of her body as a whole through space, along an arc. It is not 
immediately obNnous, however, what is the most useful way to define the 
distinction between rotation and motion through space. Imagine that you 
anempt to balance a chair and it falls over. One person might say that the 
only motion was a rotation about the chair s point of contact with the floor, 
but another might say that there was both rotation and motion down and 
to the side. 



3b 



Simultaneous rotation and 
motion through space. 



Oneper: ■ "r" - iv that the 
tipping chair was only rotating 
in a circle about its point of 
contact with the floor, but 
another could descnbe it as 
having both rotation and 
motion through space 
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Chapter 2 Velocity and Relative Motion 




No matter what point you hang the 



pear from, ttie stnng lines up with the 
pear s center of mass The center of 
mass can therefore t>e defined as the 
intersection of all the lines made by 
hanging the pear in this way. Note tfiat 
the X in the figure should not be 
interpreted as implying that the center 
of mass IS on the surface — it is 
actually inside the pear. 



The same leaping dancer, viewed from 
above. Her center of mass traces a 
straight line, but a point away from f>er 
center of mass, such as her elbow, 
traces the much more complicated 
path shown by the dots. 




The leaping dancer's motion is 
complicated, but the motion of tier 
center of mass is simple. 



— center of mass 



It turns out that there is one particularly natural and useful way to make 
a clear definition, but it requires a brief digression. Every object has a 
balance point, referred to in physics as the center of mass. For a two- 
dimensional object such as a cardboard cutout, the center of mass is the 
point at which you could hang the object from a string and make it balance. 
In the case of the ballerina (who is likely to be three-dimensional unless her 
diet is panicularly severe), it might be a point either inside or outside her 
body, depending on how she holds her arms. Even if it is not practical to 
attach a string to the balance point itself, the center of mass can be defined 
as shown in the figure on the left. 

Why is the center of mass concept relevant to the question of classifying 
rotational motion as opposed to motion through space? As illustrated in 
the figure above, it turns out that the motion of an objects center of mass is 
nearly alwaj's far simpler than the motion of any other part of the object. 
The ballerina's body is a large object with a complex shape. We might 
expect that her motion would be much more complicated that the motion 
of a small, simply-shaped object, say a marble, thrown up at the same angle 
as the angle at which she leapt. But it turns out that the motion of the 
ballerina's center of mass is exactly the same as the motion of the marble. 
That is. the motion of the center of mass is the same as the motion the 
ballerina would have if all her mass was concentrated at a point. By restrict- 
ing our attention to the motion of the center of mass, we can therefore 
simplify things greatly. 



We can now replace the ambiguous idea of "motion as a whole through 
space" with the more useful and bcncr defined concept of "center-of-mass 
motion. ' The motion of any rigid body can be cleanly split into rotation 
and center-of-mass motion. By this definition, the tipping chair does have 
both rotational and center-of-mass motion. Concentrating on the center of 



Section 2.1 Types of Motion 




An improperty balanced wheel has a 
center ot mass that is not at its 
geometnc center When you gel a new 
tire, the mechanic clamps little weights 
to the rim to t>alance the wheel. 



mass motion allows us to make a simplified model of the motion, as if a 
complicated object like a human body was just a marble or a point-like 
particle. Science really never deals with reality, it deals with models of 
reality. 

Note that the word "center" in "center of mass" is not meant to imply 
that the center of mass must lie at the geometrical center of an object. A car 
wheel that has not been balanced properly has a center of mass that docs 
not coincide with its geometrical center. An objea such as the human body 
docs not even have an obvious geometrical center. 

It can be hcipfiil to think ot the center of mass as the average location of 
all the mass in the objea. With this interpretation, we can see for example 
that raising your arms above your head raises your center of mass, since the 



A fixed point on the dancer's body 
follows a traiectory that is flatter than 
what we expect, creating an illusion 
of flight. 




X — center of nrtass 

fixed point on dancer's body 




The high-jumper's body passes over 
the bar. but his center of mass passes 
under it. 

Photo by Dim Itaun^ 



higher position of the arms' mass raises the average. 

Ballerinas and professional basketball players can create an illusion of 
flying horizontally through the air because our brains intuitively expect 
them to have rigid-body motion, but the body docs not stay rigid while 
executing a grand jctc or a slam dunk. The legs arc low at the beginning 
and end of the jump, but come up higher at the middle. Regardless of what 
the limbs do, the center of mass will follow the same arc, but the low 
position of the legs at the beginning and end means that the torso is higher 
compared to the center of mass, while in the middle of the jump it is lower 
compared to the center of mass. Our eye follows the motion of the torso 
and tries to interpret it as the ccnter-of-mass motion of a rigid body. But 
since the torso follows a path that is flatter than we expect, this attempted 
interpretation fails, and we experience an illusion that the person is flying 
horizontally. Another interesting example from the sports world is the high 
jump, in which the jumper's curved body passes over the bar, but the center 
of mass passes under the bar! Here the jumper lowers his legs and upper 
body at the peak of the jump in order to bring his waist higher compared to 
the center of mass. 

Later in this course, we'll find that there are more fundamental reasons 
(based on Newton's laws of motion) why the center of mass behaves in such 
a simple way compared to the other pans of an object. We're also postpon- 
ing any discussion of numerical methods for flnding an object's center of 
mass. Until later in the course, we will only deal with the motion of objects' 
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ocntcn of man. 

Cont6ir*of~fiiMS inotkNi in om dimiMion 

Id addhkm to faakdiig our fOMty of nx>tk>n to centers 

wc will hei;in hv t unsidering only cases in which the center of mass m<n o 
along a straight line. I his will include cases such as objccu falling straight 
down, or a car that speeds up and slows down but does not turn. 

Note that even though we are not cxphcitly studying the mure cunipicx 
aspects of motion, we cm ttiO andyn die oenttMifHnatt niotk^ 
ignoring other types of motion that might be occurring simultaneously . 
For instance, if a cat is falling out of a tree and is initially upside-down, it 
goes through a series ot contortions that bring its feet under it. I his is 
defininljr MX an cnmple of rigid4iodf modoo, bw«K CMi ^ 
modon of die cat's oemcr of ma« juit as we wouU for a drapping rac^ 

SeH-Ctwck 

Consider a person ninning. a person pedaling on a bicycle, a person coaaiino 
on a bicycle, and a person coasting on ice skates. In which cases is the 
center-of-nwss inoVon QM^InMrakNNil? WNchCMwmwMiplwcf ri^M* 
body motion? 




2Ji Describing DIstanoa and Time 



Cenier-o^masB modon in one diniei»on u paidcularly easy to deal 
with because aU die Information about it can be encapsulated In mo 
variables: the position ot the center of miss relative to the origin, and r, 
whidi measures a point in time. For instance, if someone supplied you with 
a stifficiendy detailed table of x and / values, you would know pretty much 
att diere was ID Imow abow die modon of die ob|eoi^s center of mass. 

A polnl In tlnw m oppoMd to duraHon 

in Ofdinaiy qieech, we use the word "time" in rvvo different senses, 
irflidl are to be distinguished in pln sics It can l>c used, as in "a short time" 
or 'our time here on canh, to mean a length or duration of time, or it can 
be used to indkate a dock icadii^ as in "I didn\ know what time it was," 
or "now's the time." In symbok, / is ordinarily used to mean a point in 
time, while At signifies an inter\al or duration in time. The capital Creek 
letter dclu. A, means "the change in...," i.e. a duration in time is the change 
or difleicnoe between one dock leading and another Hie notation Ac does 
not signify the produa of two numbers, A and /, but rather one single 
number. At. If a matinee begins at .1 point in time r=l o'clock and cnds at 
t*3 o'clock, the duration ot the movie was the change in t, 

A/ « 3 hours - I hour ^ 2 hours . 

To avoid the use of negative numbers tor A/, we write the clock readini; 
"after" to the leli ot die muius sign, and the dock reading "before to the 
of the minus sigpi. A moK specific definitioii of the dda notation is 
duwfisR that deka stands for "after minw befiMc." 

Even thou^ our definition of the delta notation guar.uuit. s (hat Aris 
positive, there is no reason why t can t be negative. If / could not be nega- 
tive, ss hat would have happened one second before r=()'r I h.u doesn t tuean 



Coasting on a biKe and coasting on skates give one-dimens4onal center-of-mass motion, t>ut running and pettalmg 
require movinaiwdypMla up and dOMVwMcii makes 

ligkHwdy mofcn it oontfnQ on alnlw. (CoMtng on s biM li not rfQM^iody moUon, booiuM Sm whotli twIM,) 
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dnt tiine "goet backwird" in the kiuc that iduhi can dirink into infiuus 

and retreat into the womb. It just means that we have to pick a reference 
point and caU it M>,aiMi then nines befoie that aie i qiw ien ced by niythic 

values of /. 

Although a point in time can be thought of as a clock reading, it is 
usually a good idea to avoid doing computatioiu with expressions such as 
"2:35* that Mtccmbinaiions of houn and mininri Timei am imwd be 

expressed entirely in terms of a single unit, such as hours. Fractions of an 

hour can be represented hv decimals rather than minutes, and similarlv if a 
problem is being worthed in terms ot mmuies, decimals can be u&ed instead 



Sfllf'ClMClC 

Of the following phraaas, wfiich refer to points in Unno, wlvcli ntar to linM 
inlMwiB, wkIwIMi raiwtotfnw InttwiriMlnfltnMMf fhuiMsiramnfeto 

number? 

(a) The ttme has come." 

(b) Hme waits for no man.' 

(c) Tha tatwla time, he had spit on his chin.' 

Position as opposed to change in position 

As with time, a distinaion should be made between a point in space, 
symbolized as a coordinate x, and a change in position, symbolized as Ax. 

As with t, X can be negative, it a tram is moving down tlic tracks, not 

on^doyott hafc the fi w i d oin to c h ooa c aay pomt aloi^ the i i ai kt and cJ 

IcjiMki but it's also up to youiD<leddewhidiiiileafihe»4kpaimk 
podtivez and which side is negative x. 

Since we've defined the deha notation to mean "after minus bctotc," it 
is possible that Ay will be negative, unlike St which is guaranteed to be 
positive. Mippote im aie dcKtlNi^ the flBodoo of a aab OB iiada fialdog 
Tucson and Chicago. As sfaoan m the figtuc^ It is auiidy op to yoo IP 
decide which wagr is posiihpe. 




Cfik»go CMoago 




1Vm> equally valid ways of describing the motion of a train from Tucson to 
CNoago. in the first example, the train has a poaitive ^ as it goes from Enid to 
Jopln. In the second example, llto time lnlngoin0lDmMnf ill it* aww 
diwlion has a negative ^ 



M a point fei IIim; (b) Ihm bi the alialmet aanae: (<d a time Maival 
S8 ChaplerS ValoiAyandRstaiwMolion 
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No(ediatmaddilioa«>jraixlAx;diefeis«fhiixl quantity we amid 

define, which woidd be Gkeao odometer icMlil^ or actual distance 
traveled. U you drive 10 mile^, make a I' turn, and drive back 10 miles, 
then your Ax is zero, but /our car's odometer reading has increased by 20 
miki. However impoctaiu die odofneter reading b to car o'mm 
car dealers, it b not very important in phyrics, and there is not even a 
standard name or notation for it. The change in fK>$ition, Ax, is more useful 
because it is so much easier to calculate to compute Ax, wc only need to 
know the beginning and ending posiiioiu of the objca. not all the infbrma- 
doD dKMic how it got fiom one patkion to die odbei: 



A ball hitB the floor, bounces to a height of one metef, tails, and hits the floor 
aoain. la Iho Ax biriMMn Iho Ino tanoaflli oouil to MOv ontL or IM iiMlMK? 



I of raiMOIIM 

The example above shows that there arc rxvo arhitrark' choices you have 
to make in order to define a position variable, x. ^bu have to decide where 
ID pot »4>> and dfo wUch difcction win be iMMhive. This B reim 
fhooring a cgnJmete sj/uem or choosing a fkmttf reference. (The two terms 
arc nearly synonymous, but the first focuses more on the actual v sariabiCt 
while the second is more of a giencral way of referring to one's point of 
view.) At long as you ate c o mii i ent. any fitane is equally valid. You just 
doift warn ID dianne OMidinate flvsiientt in die middle of a calodadon^ 



Have yon ever been dcdi^ in a train in a station when suddenlf you 

nodoe that the stadon is moving backsvard? Most people would describe the 

situation b\- s.ivine that vou just fiiicd to notice that the train was moving 
— It only sccnicii like the station vva^ moving. But this shows that there is 

yet a thiid aibiuaty choice diat yes into choosim a ceoidhMie syntuii 
valid frames of referencecandiftrfiomeachodier by moving idadve to 

one another. It might seem strange that ansime would bother with a 
coorditutc system diai was moving rciauvc to tlic cartii, but tor iiutancc the 
fiaine of fcfacnoe oKmng along trith a tiain might be fiur moct convenient 
fiK descfibing tfainp happening inside the tiab. 



Zmo, bocauM Iho ^aflw* aiid iMlOfiar vihw of jrara ihe MMna 
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2,3 Graphs of Motion; Velocity. 
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(b) Motion that decreases x is 
rapiMwiM with nagoliM viluM of Ajr 
and K 




(c) Motion with changing vetod^ 

liMcclljf Mid noMwo Molon 



Motion with constant velocity 

In example (aj, an object is moving at constant speed in one direction, 
^cui tdl this because emy two seconds, its position changa by five 

lo slgAmMMMMMi, we\l sqr thKihe gpipli cfxtt. f shows the sme 
change 10 podtkMi, m, over each intoval of A/=2.0 s. The object s 

»dochy or speed is obtjincd by calculating r*=A.v/Ar=(5.0 m)/(2.0 s) = 2.'> m/ 
S. la gnphical terms, the velocity can be interpreted as the slope ot the line. 
Suwe die gnph tt a sndghc liAe» it ivonkbV hm not^^ 
longer time interval and calculated i*«Ax/Al^lO.O Bi)/(4.0s). Theaoiiser 
would still have been the same, 2.5 m/s. 

NIofc tbat wlu f; \\c divide i number that has units of meters by another 
number that has units of seconds, we get imits of meters per second, which 
can be written m/s. This is another case wfaeie we neat units as if they ^ 
a^yhia tfoJbtItt even di^fVe noc 

In cnia|Je (b)» the objea b mewing m the opposhe dfaecdaa; as 1 
prag^caei^ itIXOOnidinattdeclieases. Recalling the definition of the A 
notation as "after minus before," we find that At is still positive, but Ax 
must be nc^tive. The slope ot the line is therefore negauvc, and wc say 
thtt the ohject has a negative velocity. f^Aa/AM*5.0 iiO/(2.0 s)»-2.5 m/s. 

abeady seen that the plus and minus signs of Ax values have the 
interpretation of telling us which direction the object moved. Since A/ is 
always positive, dividing by At doesn't change the plus or minus sign, and 
the pint and minui Mgns of vdoctciei aie to be uueipicwl m tlieHmsw^fi 
In graphical terms, a positive slope characterizes a line that goes up as we g» 
to the right, and a nqgttiwe slopc ibUs US diat the line wcM dowD as we weoK 

to rhi- right. 

Motion with changing velocity 

Now what about a graph like example (c)? Tliis might be a graph of a 
oA motion as the dnvcf cndiBS doiwn dhe fieeiMipi then shiws down to look 

at .1 tar t r.ish hv the side of dlC road, and then speeds up again, disap- 
pointed that there is nothing dramatic going on such as flames or babies 
trapped in their car seats. (Note that wc are still talking about one-dtmcn- 
sional motion, just because die g^aph is a»vjrdocm\ mean diat the cat^s 
path is carsy. The graph is not like a map, and the horiaomal diffffWffi of 
the gnph represenu the passing of time, not distance.) 

Fxample fc) is similar ro example (a) in that the object moves a roral of 
23.U m in a period of lU.U s. but it is no lot^r true that it makes the same 
amoumof progress every second. There is no way to chancKine the euiR 
gtaph by a certain vclociqrordope>beLausL' the vi louty is different ateveiy 
moment. It would be incorrect to say that because the car covered 2S.0 ro 
in 10.0 s, its velocity was 2.5 m/s . It moved £mer than that at the b^in- 

^aS^^^M ^^^k^B ^^0^^ ^1^^^^^^^^ AAA AH^^k MAA^M^Ha ^^^^^^^BA ^^^^^^^ ^^^^^^ ^^^^^u^ 

ning ana eno. Due swwcr m ine liiKKue. 1 neie may nave oeen oenam 
imtams at which the car was indeed going 2.5 m/s. but the speedometer 
swept past thai value without "sticking." just is it swung through various 
other values of speed. (1 detinitely want my next car to have a speedometer 
cdUhiamd in oi/i and diowing both negative and posithw values.) 
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(di The velocity at any given '^^o^ 
is defined as the siGpe iot the tangml 
bw throuQh the mImmI point cn Vw 
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^ ainiiiie tlist oar ipeedonKiier tdb ttc what ■ happening to die s|^^ 
of our car at every instant, but how can wc define speed muheniadcally in a 
CISC like rhi^r Wc can't just define it as the slope of the cur^'^' graph, because 
a curve doc&n'i have a single wcll-dctlned slope as does a line. A tnaihenuti- 
cai <fafiniriop that ooii npu iiclc tl to the wpe tA o maa wading would lutvr to 
be one that attached a diflfepcntMelodqr value to a single point on the curve, 
i.e. n single instant in time, r.irficr th.in to the entire graph. If we wish to 
define the speed at one instant such as the one marked with a dot, the best 
way to proceed is illustrated in (d)> where we have dtavm the line throi^ 
that point called the tangeu line, the liiK that *hiigf the cone" ^ can 
then adopt the feUowin^ dcfimnoB of vdoci^ 



definition of vclocit)' 
The velocity of an (.ibjest at any given moment is the slope of 
the tugcnt line tfarougli the idmnt point on io x^fft^ 



One ininpniation of diis definiiioa is that die vdodtf tdb lis how maiqr 
mocR the ofayea woidd have tiavded in one second, if it had continued 

moving at the same speed for ar least one second. To some people the 
graphical nature ot this definition seems inaccurate" or "not mathemati- 

caL' The equation pmAstfAt by itself, however, is only valid if the velocity is 

ooMiant. and so cannot sem as a geneial ddinidon. 



(•) R«v«r«iii0 ttw diroelkm of 



Question WM IbIIw vvtaci^ MIha poM shown wHh a dot on 

the graph? 

Solullon: First we draw the tangent line through that point. To 
find the slope of the tangent line, we need to pidt IMD poinlB on 
it. Theoretically, the slope should come out the same regardless 
of which two points we picked, but in practical terms we'll be at)le 
to measure niore atxurately if we pick tiMO points fairly far apart, 
such as the two white diamonds. To save work, we pick points 
that are directly at)ove labeled points on tt\e t axis, so that A^.O 
s te easy to fwd off. One dhwwnil Ineo up «lh 4P«17,6 in, the 
other with a^26.5 m, so Sx=9J0 m. The velodfy to hJi^iZ2 mte. 
Conventioifis about graphing 

The pbeementof f on the horizontal axis and x on the upright axis mqr 
seem like an arbitrary convention, or may even hare distmfaed you, since 
your algebra teacher always told v-ou that ,v goes on the horizontal axis and y 
goes on the upright axis. There is a reason for doing it this way, however. 
In example (c), we have an object that reverses its direction of motion twice. 
It can only be in one frface at any ghren tune, but thete can be moie than 

one time when it is at a given place. For instance, this object passed 
through x= 1 7 m on three separate occasions, but there is no way it could 
have been in more than one place at r=3.0 s. Resurrecting some terminol- 
ogy you leained in your ttigoaometty course, we ssff that x is a foBcdon of 
t. but ! is not .1 funaion of x. In situations such as this, there b a uscAll 
convention that the graph should be oriented so that any venical line passes 
through the curve at only one point. Puning the x axis across the page and 
rnpnghciMwMliaffe'vkiatedthisaMncntioa. lb people who ate used n> 
uuaipietfan yaphs, a ysph that violates this tjotiwiwmn Is x 
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fi ny f lMnf ff:fMT *ll''»g * AalHinawl XPfe Off chtt dds if a gNf^ of V 

VCBUIiL* If the IKS were the other way around, it would be a graph off 
versus .v." I remember the "versus" terminology- bv visualiyint; the labels on 
the X and t axes and lemembering that when you read, you go from leh to 
right and from top to botioiini 

Discussion questions 

A. An ant walKs forward, pauses, then runs quickly ahead. It then suddenly 
reveraas direction and walks slowly back the way it came. Which graph oouid 






B. The figure shows a sequence of positions for two racing tractors Compare 
Vw tractors veloaties as the race progress^. When do they have the same 



ties 
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C V an ob|aei had a straight-line motion graph with AjMI and AM), what woukl 
be tn>e about i» vetod^ What would Ma look Ma on a gnph^VVhat about 

AfeO and \x*01 

0. If an object has a wavy motion graph like the one in example (e) on the 
praviouB paoa. tMhich aia tha poMa at which the obiact lavaiaae its di^^ 
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t 

G. 



CD 




t 



t 



F. I have been using the tenn "veloct^ and avoKling the more common 
enpMi wora nspMo, iN08uwsonwnioauGKNypn)wosnRis<Mnneinemio 

m — n dWw w it things. They use the word "speed," and the symbol to mean 
ttwaliaakile value of the velocity. s=\ t^. Although I have thrown in my lot with 
the mfaKNity of books that don't emphasize this distinction in technical 
vDcabutaiy, there are cle«1yt«vodiffwaritoanoe(Ms here. Can you think of an 
•xampleof agraphof jrwi. /inwtilchllwolifactha8oonaianl^MMd.bulnot 
constant velocity? 

Q. In the graph on the left, describe how the object s velocity cfiangea. 
H- Tut) n tu fol c i otfl duck out of n hniina g ri o i i l if l L co n foro n to Id op oot boor- On 
ttte way to the bar, Ihey witness an accident in which a pedestrian is injurad by 
a hit-and-run driver. A criminal trial results, and tt>ey must testify. In her 
test mony. Dr Transverz Waive says, 'The car was moving along pretty fast. I'd 
say the veiocily was -1-40 mi/hr. Thay saw ttie oU tody too tato, and even 
IhoiiQli tliay itaiMnad on the Imhaa thay sH hit twrtMitini tliay stopped. 
Then they made a U turn and headed off at a velocity of about -20 mi hr, I'd 
say." Dr. Longttud N.L. Vibrasheun says. "IHe was really going too fast, maytie 
his vetodty was -35 or -40 mi/hr. After he hit Mrs. Haf^ess, he turned aiQuml 
andleftatavatodtyof. oh. l'dgueaaiii^be-i20or-»2SmiAv.* iathab' 
>ry? Explain. 
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2,4 The Principle of Inertia 



Physical effects relate only to a change in velocity 

Consider two statements that were at one time made with the utmost 
seriousness: 

^BOpW MB uoHieO Bm VX)p6mlCUB WHO 887 uiB BBIWI 18 lUHWIU mllK OS 

crazy. We know the earth can't be moving. Why. if the earth was realy 
turning once every day, then our whole city vwhjKI have to be moving 
hiMtadi of iMauM In en houf flMTiknaeMlM BuMbm would ihito 
on their foundations Gale-force winds would knock us over Trees would fall 
down. The Mediterranean woutd come sweeping across the east coasts ol 
Spain and Ml|i AndtoVMnnoWiWtiatlbioawoukltonMldnoftawwId 

tum'> 

All this talk of pagsenger trains moving at (orty miles an hour is sheer 
hogwasM At Viat^iaad,Sia air In a passenger oompartnwnt would alba 

lOfced against the back watl. People in the front of the car would suflQCala^ 
and peopie at the back woutd die becauise in such concentrated air, thay 

Some cf the cflfecti predictBd in the fint quote are desrfy jmt baied on 

a lack of experience with rapid motion thai is smooth and free of vibnrion. 
But there is a deeper principle invdlvcd. In each case, tlic speaker is assum- 
ing that the mere fact of motion n)U4>t iiavc draniauc physical cttccts. More 
iiMy, they sko Micfc dnt a fbtce is needed m lGeq> aci objes n aatno^ 
die fine person thinks a force would be needed to maintain the eardft 
rnrarinn. and the second appaicntlytfailllaof tbciCirwaUaipttdungoa 
the air to keep it moving. 

Common modern knowledge and experience tell us that these people's 
piwiMJwwis UMmusve smiwiiuw uecu paKO oo incotiect Hsiuiiing , our n n 
not iounediaii^ obvious where the fimdamental flaw lies. Its one of those 

things a four-year-old >. i>iild infuriate yovi by demanding a clear explanation 
of. One way of getting at the fundamental principle involved is to consider 
how die modem oonoepc of die lumcne diflen finoi die popular concep- 
tkrn at the time of the Italian Renaiacanoe. lb as, llie word "earth" implies a 
planet, one of the nine planets of our solar system, a small ha!! nfrdLk and 
dirt that is of no significance to anyone in the universe except tor members 
of our species, who happen to live on ic To Galileo's contemporaries* 
howewci; the csnb was the biggest, inoit solid, inoct iinpoctatit diing in all 

of creation, not to be compared with the wandering lights in the sky known 
as planets. To us, the earth is just another object, and when we talk loosely 
about "how But' an objea such as a car "is going," we realty mean the car- 
obyect's vdodtf relative to the earth-object. 

Motfon to iiliNlw 

AcoonUngtOOur modern world s iew, it really isn't that reasonable to 
CIpect rhar a special force should be required to make the air in the train 
have a certain velocity relative to our planet. After ail, the "moving" air in 
the'movinff tnuu ntf^tt |ust happen id have zero vdocitjr fdsuve to sdbm 
odier planet we don't even know about. Aristotle claimed that things 
"naturally" wanted to be at rest, lying on the surfice of the earth. Bur 
experiment after experiment has shown that there is really nothing so 
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This Air Force doctor volunteered to ride a rocket sled as a medical expenmen' '^^■f- t . ^ .--'•^"•z on 
his head and face are not because of the sled's speed but because of its rapid changes m speed increasing 
in (b) and (c), and decreasing in (e) and (f).ln (d) his speed is greatest, but because his speed is not 
irKreasing or decreasing very much at this nxxnent, there is little effect on him. 



special about being at rest relative to the earth. For instance, if a mattress 
falls out of the back of a truck on the freeway, the reason it rapidly comes to 
rest with respect to the planet is simply because of friction forces exerted by 
the asphalt, which happens tu be attached to the planet. 

Galileo's insights arc summarized as follows: 



The Principle of Inertia 
No force is required to maintain motion with constant velocity 
in a straight line, and absolute motion does not cause any 
observable physical cflccts. 

There are many examples of situations that seem to disprove the 
principle of inertia, but these all result from forgetting that friction is a 
force. For instance, it seems that a force is needed to keep a sailboat in 
motion. If the wind stops, the sailboat stops too. Rut the wind's force is not 
the only force on the boat; there is also a frictional force from the water. If 
the sailboat is cruising and the wind suddenly disappears, the backward 
frictional force still exists, and since it is no longer being counteracted by 
the wind's forward force, the boat stops. To disprove the principle of inertia, 
we would have to find an example where a moving object slowed down 
even though no forces whatsoever were acting on it. 
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Self-Check 

/C\ Jk What is incorrect about the following supposed counterexamples to the 
^ ^ J principle of inertia? 

(1 ) When astronauts blast off in a rocket, their huge velocity does cause 
a physical effect on their bodies — they get pressed back into their 
seats, the flesh on their faces gets distorted, and they have a hard time 
lifting their arms. 

(2) When you're driving in a convertible with the top down, the wind in 
your face is an observable physical effect of your absolute mobon. 

Discussion questions 

A A passenger on a cruise ship finds, while the ship is docked, that he can 
leap off of the upper deck and just txarely make it into the pool on the lower 
deck. If the ship leaves dock and is cruising rapidly, will this adrenaline junkie 
still be at)le to make if^ 

B You are a passenger in the open basket hanging under a helium balloon. 
The balloon is t)eing earned along by the wirxJ at a constant velocity. If you are 
hokjing a flag in your hand, will the flag wave? If so. which way? [Based on a 
question from PSSC Physics.] 







Discussion question A. 



Discussion question B. 



C Aristotle stated that all objects naturally wanted to come to rest, with the 
unspoken implication thtat "rest" would be interpreted relative to the surface of 
the earth. Suppose we go back in time and transport Aristotle to the moon. 
Aristotle knew, as we do. that the moon circles the earth; he said it didn't fall 
down because, like everything else in the heavens, it was made out of some 
special substance whose "natural" tiehavior was to go in circles around the 
earth We land, put him in a space suit, arxf kick him out the door. What would 
he expect his fate to be in this situation? If Intelligent creatures inhabited the 
moon. ar>d one of them Independently came up with the equivalent of 
Anstotelian physk:s. what would they think atx>ut objects coming to resf 
D. The tiottle is sitting on a level table in a train's dining car, but tf>e surface of 
the beer Is tilted. What can you infer about the motion of the tram? 



Discussion question D 



(1 ) The effect only occurs during blastoff, wtien their velocity is changing. Once ttie rocket engir>es stop firing, their 
vek)city stops changing, and they no longer feel any effect. (2) It is only an observable effect of your motion relative 
to the air. 
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2.5 Addition of Velocities 



Addition of velocities to describe relative motion 

Since absolute motion cannot be unambiguously measured, the only 
way to describe motion unambiguously is to describe the motion of one 
object relative to another. Symbolically, we can write for the velocity of 
objea P relative to object Q. 

Velocities measured with respect to different reference points can be 
compared by addition. In the figure below, the ball s velocity relative to the 
couch equals the ball's velocity relative to the truck plus the truck's velocity 
relative to the couch: 

"BC =''BT+»'TC 

= 5 cm/s + 10 cm/s 
The same equation can be used for any combination of three objects, just 
by substituting the relevant subscripts for B, T, and C. Just remember to 
write the equation so that the velocities being added have the same sub- 
script twice in a row. In this example, if you read off the subscripts going 
from left to right, you get BC...=...B1TC. The faa that the two "inside" 
subscripts on the right are the same means that the equation has been set up 
corrcaly. Notice how subscripts on the left look jusi like the subscripts on 
the right, but with the two T's eliminated. 



In one second, Green Dino and the 
truck both moved fonward 10 cm, so their 
velocity was 10 cm/s. The ball moved 
forward 15 cm. so it had v=15 cm/s. 



Purple Dino and the couch both 
moved backward 10 cm in 1 s. so they 
had a velocity of -10 cm/s. During the same 
period of time, the ball got 5 cm closer to^ 
me, so it was going -»-5 cm/s. 



5 10 la. 



5 



I I 



Ol 



: -J 



These two highly competent physicists disagree on absolute velocities, but they would agree on relative 
velocities Purple Dino considers the couch to be at rest, while Green Dino thinks of the truck as being at rest. 
They agree, however, that the tnick s velocity relative to the couch Is i<rc=lO cm/s. the ball's velocity relative 
to the tmck is ygr=S cm/s, and th« toll's velocity relative to the couch is ygf~=ygj-¥ i'fQ=^5 cnVs. 

Section 2.5 Addition of Velocities 
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My discussion of how to interpret positive and negative signs of velodljr 
may have left you wondering why wc should borhcr. ^X^y not just make 
velocity positive by definition? The original reason why negative numbers 
were invented wu that bookkeepers dedded U would be convenient to use 
die u c g i uinc number concept for payments to disdnguish th em from 
l ecei pts . It was just plain easier than writing receipts in black ini^ pivmcntl 
in red ink. After adding up your month's positive receipts and negative 
payments, you either got a positive number, indicating profit, or a n^ative 
nuoBboialiawingakM. %ttoo«ikldimalioi<rthethattoialiridiali^ 
tech %" or aipi. insicMl of looldi^ ttound for ifae ap^^ 

Nowadays we use positive and negative numbers for all kinds of things, 
but in every case the point is that it makes sense to add and subtract those 
diin^ aoooidiiig to die nilei yoa learned in pade adiool, nicfa at '^ninus a 
minus makes a plus, why this u true we need not discuss." Adding vdodtici 
has the significance of comparing relative motion, and with this interpreta- 
tion native and positive velocities can used within a consistent framework. 
For nampir, the tnicks vdody refaove to the cotidi eqaak die trodi^i 
vckKaty idarive ID die baDplw the balTs velocity relattvc to the coudi: 

= -*> cm/s + 15 an/s 

= 10 cm/s 

If wc didn't ha\ c ihc tcchnolog)' of negative numbers, we would have 
had to remember a complicated set ot rules tor adding velocities: (1) if the 
tiro ohjecii aie both mowing fermid, you a^ 
and one is moving backmid, yon nAamet, but (3) if thcyie both moving 
backward, ycu add. What a pain that would have been. 

DIscuMlon quMHom 

A. Interpret ttie general rule f ab =~''ba ''^ words. 

B. VMta-Chuan alpa away from her father at ttie n^l and walks up tt>e down 
••oMor. ao i«l ilie alays in ona ptaoa. Wifia Mi in iMina of aymbolfc 
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2.6 Graphs of Velocity Versus Time 



20- 



X 

in) 




Since changes in vehKity pl.iy viah a protnineni role in physics, wc need 
a better way to look at changes in velocity than by laboriously drawing 

graphs. Agpodnwdtoditfodnnragnphof 
velocity versus tinu The exampkion the left show the x-/ and i>-f gnpht 
that might be produced by a car snirtinp from a traffic light, speeding up, 
cruising (or a while at constant speed, and finally slowing down for a stop 
sign. If you have an air (rtdiener hating from your icw'vioir minw; thai 
you wiH Me an effect on the air freshener during the begiiuiing and ending 
periods when the vciociry is changing, hut it will not be tilted during the 
period of constant vek>dty represented by the flat plateau in the middle of 
the f-l graph. 

Students ottcn mix up the things being represented on these two types 
ofgraphs. Forinstanoetmanyanidenislooidngatdieiopgicaphsay dutt 
the car is ^leeding up the » hole time, since "die gnph u buiDining gpcaBK* 
What is getting pcaterthroug^iour the jnph isx, not v. 

Similarly, m.inv students would Ii>ok at tfic bottom graph and think it 
showed the car backing up, because "it s going backwards at the end." But 
irfMt tt deenasing at the end it not Jt tinfaig Imn^ 
in finntof fou Uke this is often convenient, because one gnph may be 
easier to interpret than the other for a particular purpose. StaLkiiii: them 
like this means that corrcspundmg points on the two graphs time axes are 
lined up with each other verricalty. However, one thii^ that is a little 
ooumerintiuidve dbout the amngement is that in a situation like this one 
involving a car, one is rempted to visualize the landscape stretching along 
the horizontal axis ot one ot the graphs. The horizontal axes, however, 
icpfcsent time, not posidon. The correct way to visualize the landscape is 
b^rmenialty tMMing the hoiinn 90dcgpMto(NtnicicliMJtvriaeaiid iiwagin- 

ing it stretching along the upright axis of the a:-/ gia^l, which it the Ooty 
axis that rcptcscnts di£fetcnt positions in spacci 



2.7 J Applications of Calculus 



The integral symbol, /, in the heading tor this section indicates that it is 
meant to be read by students in calculus-based physics. Studenu in an 
algebra-baied physics coone should skip these sectioat. The caicufus-iebted 

sections in this honk .irc meant to lie usable bv students who arc taking 
calculus concurrently, so at this early pomt in the physics course 1 do not 
assume you know any calculus yet. This section is therefore not much more 
thana<|iiickpiewewofrakiiliii| lohelpytmidatewhatyoaVelcanmigin 
the two courses. 

Newton was the first person to figure out die ungent-line definition of 
velocity for cisos where the v-f graph is tioiilitiear. Before Newton, nobodv 
had conceptualized liie Ucscxiption ol motion in terms ot x-t and v-t graphs. 
ln a ddiiioB»thegta|ihicalMduA|iie«di»ci«iedmthi«chap«ftNew»^ 
alio invented aiecafigrmbolic techniques called ralnihw. Ujou have an 
eqviation for .r in terms of t, calculus allows you, for instance, to find an 
equauon for v in terms of t. In calculus terms, wc say that the hmction v(t) 
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ic tlic dcfivjciw of dbc fimcoon In other wuiili, the dciivuivc of s 

function is a newfitnGrion that tdk how rapidly the original function was 
changing. We now use neither Newton's name for his technique (he called k 
"the method of fluxions") nor his notation. The more commonly used 
notation it dne to NewA Gcnnan contemporary Leibiiin. wfcoM die 
sccittod flf p]fl|p4ciuii^ the ctilculus jfr^fft ^liewtoQ* 1ft the Ldbtutx 




to indicate that the function til) equals the slope of the tangent line of the 
i;raph \ir} at e%er>- time /. I hc Leibnitz notation is meant to evoke the 
delta notation, but with a very small time interval Because the Jx and Jt arc 
dM>tightof» wtymafl AnAind A/a,!*. ntf MMldjBatDceMhepmof 
Gikulns tint Iw to <k» iridi donvMim b cdled ^ftseuy od^^ 

* The concept and defmition of the derivative, which is covendtt 
thii book, bw friuch will be diniaed inoce faiiiHttf in 

* Tlie I eihnit7 notation described ab«ivc. which you'll need to gpt 

more eomtort.ible w ith in your math course. 

* A set of rules txr that allows you to find an equation tor the 
( k ri wihc ot J. given fa pcdon. Fortnttance, if you happened to 
htvc tnintfionirfiaetlie position of an objca wa.s given by the 
equation x=2F. you would be able to use those rules to find dd 
dfm\^. This bag of tricks is covered in your math course. 
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Summary 



Vocabulary 

center of nuss..M*M.»M»»..» die balance point of an object 

vdoc2i7.~»^M.».»...»~«~.... ihe iwe of diangc of fMMdon; the slope of the tangpit fine on an jp>r 



X a point in space 

t a point in mne, a dock reading 

A „^..^...^.«^^^..^. "ciMn§e in:' die vdue of a vaibble afienvaidt minus in valne befixe 

6x a disuncc, or more prcciscl)- a change in .v. which may be IcH dnn tfac 

distance traveled: its plus or minus sig;n indicates direction 

.« a duration ot time 

1^ ■••»«•«••••••••■••••«••••«*••••■••••■••• vc^jooQ^ 

.,.«.. the ifdodqr of objea A tdarive to objea B 

SUmOanf TerminologjfAifOkMin ThbBook 

displacement a name for the s\-mhnl Av. 

speed the absolute value ot the velocity, i.e. the velocity stripped of any informa- 

tion about icsdnccdon 

Summary 

An object's center of mass is the po'nt at which it can be balanced For the time being, we are stucfying the 
mathematical description only of the motion of an object s center of mass in cases restricted to one dimension. 
Tlwwwdonof wflbftcftciiiltf olHwwItuiuiiyiBf liiHply 

■ ■nponiBni n iHHiyiMn locanon, Xt iiuni tmBnCB, mt, sra Gmac rammQi i, nuni unm wHww m. wnnn 

an object's r-/graph is linear, we define its velocity as the slope of the line. Ax' \f. When the graph is curved, 
we generalize the definition so that the velocity is the slope of the tangent line at a given point on the graph. 

Galileo s pnncipie ot inertia states that no force is required to maintain motion with constant veloaty in a 

WIHI^R mW, BfKI BDuOURS mOOOn fXMO nOICWlM Wiy ODOOfVaDie pnyWCn flUBOIi. TtWigB lypNSMJf iBno h) 

reduce their velocity relative to the surface of our planet only because they are physically rubbing against the 
planet (or something attached to the planet), rK)t because there is anything special atx>ut being at rest with 
iwp oct lplht ttrtt f i iiKlMt. Wh8HK68iiHi»fof IwtBno^lt^ keep a bookiMbio 

■oitM ■ Wbto» to IkA tfw f(NW is oii^ Mivino to owkwI ilw ooiilraiy 

Absolute motion is not a well-defined concept, and if two c^sen/ers are not at rest relative to one another 
tt>ey win disagree about the absolute velocities of objects. They will, however, agree about relative velocities. If 
object A is in motion relative to object B, and B is in motion relative to C. then A's velodty relative to C is given 
bv }/fgM/fgftv^^ Pp6 B N8 and iKflrtw ^bwb wb ueed to to timto the tl rocW oo of $n CbtocffB i im W o n. 
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Homework Problems 




Problem 1. 



Y Y 

Problem 7. 



SSZpm 




I /. The graph shows the motion of a car stuck in siop-and-go freeway 
traffic, (a) If you only knew how far the car had gone during this entire 
time period, what would you think its velocity was? (b) What is the car's 
maximum velocity? 

2. (a) Let 6 be the latitude of a point on the Earth's surface. Derive an 
algebra equation for the distance, L, traveled by that point during one 
rotation of the Earth about its axis, i.e. over one day, expressed in terms of 
L, 6, and R, the radius of the earth. Check: Your equation should give L^O 
for the Nonh Pole. 

(h^) At what speed is Fullerton, at latitude 9=34°, moving with the 
rotation of the Eanh about its axis? Give your answer in units of mi/h. [See 
the table in the back of the book for the rele%'ant data.] 

3*^. A person is parachute jumping. During the time between when she 
leaps out of the plane and when she opens her chute, her altitude is given by 
the equation 

7=(10O00m)-(50m/s)M5.0s)e''^'"] . 

Fmd her velocity at r=7.0 s. (This can be done on a calculator, without 
knowing calculus.) Because of air resistance, her velocity docs not increase 
at a steady rate as it would for an object filling in \'acuum. 

4 S. A light-year is a unit of distance used in astronomy, and defined as the 
distance light travels in one year. The speed of light is 3.0x 1 0* m/s. Find 
how many meters there are in one light-year, expressing your answer in 
scientific notation. 

5 S. You're standing in a freight train, and have no way to see out. If you 
have to lean to stay on your feet, what, if anvthing, docs that tell you about 
the train's velocity? Its acceleration? Explain. 

6 J. A honeybee's position as a function of time is given by x- 10/-r\ where t 
is in seconds and x in meters. VX'hat is its velocity at r=3.0 s? 

7 S. The figure shows the motion of a point on the rim of a rolling wheel. 
(The shape is called a cycloid.) Suppose bug A is riding on the rim of the 
wheel on a bicycle that Ls rolling, while bug B is on the spinning wheel of a 
bike that is sining upside down on the floor. Bug A is moving along a 
cycloid, while bug B is moving in a circle. Both wheels are doing the same 
number of revolutions per minute. Which bug has a harder time holding 
on, or do they find it equally difficult? 

8 Peanut plants fold up their leaves at night. Estimate the top speed of 
the tip of one of the leaves shown in the figure, expressing your result in 
scientific notation in SI units. 



Problem 8. 



S A solution is given in the back of the book. 
/ A computerized answer check is available. 



♦ A difTiculi problem. 

/ A problem that requires calculus. 
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Chapter 2 Velocity and Relative Motion 



9. ^ Ibiubte die jbUowing infemackMi imo symbok, using the noiadon 
with two subscripts introduced in seaion 2.5. Eowyn is riding on her hone 

at a velocity of 1 1 m/s. She twists around in her saddle and fires an arrow 
backward. Her bow Bres arrows at 23 m/s. (b) Find the speed ot the arrow 
iditivc to the ground. 

10 S. Our full discussion of. two- and three-dimensional motion is post- 
poaed untfl the Moond half of die book, bat hope ■ a chance to UK a Ihtle 
mathematical creathrity in antid|Mtion of that geneialization. Suppo-tc a 
ship is sailing cast at a certain speed r, and a passenger is walking across the 
deck at the same speed v, so that his track across the deck is perpendicular 
ID diediq>'s centa'-4ine. NBIiat k his tpeed lefaoive to ilie warn; and in wliat 
dunjjon it he moving ichuivc to die wucf? 

llj. Fieddi Fish^ has a podtion as afiinctiooofdnie^venby 
Rnd her manmtini rpeed. 
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3 Acceleration and 
Free Fall 



3.1 The Motion of Falling Objects 



The motion oi falling obiccts is the simplest and most common ex- 
ample of motion with changing velocity. The early pioneers of ph)'sics had a 
correct intuition that the way things drop was a message directly from 
Nature herself about how the universe worked. Other examples seem less 
likely to have deep significance. A walking person who speeds up is making 
a conscious choice. If one stretch of a river flows more rapidly than another, 
it may be only because the channel is narrower there, which is just an 
accident of the local geography. But there is something impressively consis- 
tent, universal, and inexorable about the way things fall. 




Ill 



Galileo dropped a cannonball and a 
musketball simullaneously from a 
tower, and observed that they hit the 
ground at nearly the same time. This 
contradicted Anstotle's long-accepted 
idea that heavier obiects fell taster. 



Stand up now and simultaneously drop a coin and a bit of paper side by 
side. The paper takes much longer to hit the ground. That's why Aristotle 
wrote that hca%7 objects fell more rapidly. Europeans believed him for two 
thousand years. 

Now repeat the experiment, but make it into a race between the coin 
and your shoe. My own shoe is about 50 times heavier than the nickel I had 
handy, but it looks to me like they hit the ground at exactly the same 
moment. So much for Aristotle! Galileo, who had a flair for the theatrical, 
did the experiment by dropping a bullet and a heavy cannonball from a tall 
tower. Aristotle's observations had been incomplete, his interpretation a vast 
oversimpliflcation. 

It is inconcciv-ablc that Galileo was the first person to observe a discrep- 
ancy with Aristotle's predictions. Galileo was the one who changed the 
course of hisior}' because he was able to assemble the observations into a 
coherent pattern, and also because he carried out systematic quantitative 
(numerical) measurements rather than just describing things qualitatively. 

Why is it that some objects, like the coin and the shoe, have similar 

motion, but others, like a feather or a bit of paper, arc different? Galileo 



Galileo and the Church 

Galileos contradiction oi Aristotle had serious consequences. He was interrogated by the C'hurch authorities and 
convicted of teaching that the earth went around the sun as a matter of fact and not, as he had promised previously, 
as a mere mathematical hypothesis. He was placed under permanent house arrest, and forbidden to write about or 
teach his theories. Immediately after being forced to recant his claim that the eanh revolved around the sun, the old 
man is said to have muttered defiantly "and yet it does move 

The story is dramatic, but there arc some omissions in the commonly taught heroic version. There was a rumor 
that the Simpiicio character represented the Pope. Also, .some of the ideas Galileo advocated had controversial religious 
ovenones. He believed in the existence of atoms, and atomism was thought by some people to contradict the Church"; 
doctrine of transubstantiation, which said that in the Catholic mass, the blessing of the bread and wine literally 
transformed them into the flesh and blood of Christ. His support for a cosmology in which the earth circled the sun 
was also disreputable bccaasc one of its supporters, Giordano Bruno, had also proposed a bizarre synthesis of Christianity 
with the ancient Egyptian religion. 
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Velocity Increases more gradualty on 
the gentle slope, but the "-lOt on 15 
Otrnmsn the same as the motion ot 
aMino(*iM3t 



V 




t 

Th* ttfyaphof aMbigol^isa 



y cci ilatBd that in a ddition to the fetoe that ahvap pulls objects down, tfaoc 
was an upward force exerted by the air. Anyone can speculate, but GlHeo 
went beyond speculation and cimc up wirh rvvn clever cxperinients ro prohc 
the issue. First, he expcfimcnted with objccu tailing in water, which probed 
the tame issues bw made the modootbirenou^dw he ooldd take time 
measurements with a |i d BUiiw p*****"*"'" dock, ^^ih this tediniqiir, he 
caiahlidicd die faUowfav &» 

* All heavy, streamlined objects (for example a steel rod dropped 
point-down) reach the bottom of the tank in about the same 
amount of time, only sli^dy longer than the time they would cake 
to &D die same dinnce in MC 

•Objects that ate Iji^Mer Of lew sti wrnlin e d aJBe a ba yr l im e to 
Bcach the botio m i 

This supported his h)'pothcsis about two contrary forces. He imagined 
an idealized situation in which the fallins; ohjicr did nor have to push its 
way through any substance at ail. Falluig it\ air would be inure like this ideal 
caK dian Ulii^ in ivaicr. but even a diH ^MK medilun Ultt air irould be 
Miffident to cause obvious effects on fiMhcn and odier light obfecM dwc 

were not streamlined. Today, we have vacuum pumps that allow us to suck 
nearly all the air out of a chamber, and it we drop a feather and a rocii side 
bf adk in a vBomai, the feather does not lag bchfaid die sock at al. 

How aw wpmd of « tidllng objtt lutiini will Ifciii 

GalSeoli second stroke of genius was to find a way^ to make quamiiaihc 

measurements of how the speed ot a tailing object increased as it went 
along. Again it was problematic to make sufficiently accurate time measure- 
menci with primidve clocks, and again he found a tricky way to slow things 
doiiroiriMtepiesefviiig die e w rmi dphfrical p h e n o m e na : he let eheliiiili 
down aslope instead of dropping it vertically. The steeper the incline, the 
more rapidly the ball would g^n speed. Without a modern video camera, 
Galileo had invented a way to make a slow-motion vnsion of falling. 




Althou^ Galileo's clocks were only gpod enough to do accurate 
e tp er im ei us at the aaaaBer angles, he was confident after tnaking a s)^tem- 
atic study at a variety of small an^cs that his basic conclusions were gener* 
ally valid Stared in modern language, what he found was that the velocir\'- 
vcrsus-time graph was a line. In the langua^ of alg^ra, we know that a line 
has an equadonof diefeimjMBPt'^, btitoorvaiidUEiSie valid 1; so it 
wtwid be pmM^k. (The constant ^ can be i mnpt c u a d simply as the inirial 
vdbci^ of the object, ix. its veiodty at the tiine when we stalled our dodu 
whidi we conventional^ write « V, .) 
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Self-Check 





(a) Galileo's experiments show that all 
falling ob)ects have the same motion 
if air resistance is negligible. 




(b) (c) 

Aristotle said that heavier objects fell 
faster than lighter ones If two rocks 
are tied together, that makes an extra- 
heavy rock. (b). which should fall 
faster. But Anstotle's theory woutd also 
predict that the light rock would hold 
back the heavy rock, resulting in a 
slower fall. (c). 



An object is rolling down an incline. After it has been rolling for a short time, it 
IS found to travel 13 cm during a certain one-second interval. Dunng the 
secorxj after that, if goes 16 cm. How many cm will it travel in the second after 
thaf 

A contradiction in Aristotle's reasoning 

Galileo's inclined-plane experiment disproved the long-accepted claim 
by Aristotle that a falling objca had a definite "natural falling speed" 
proportional to its weight. Galileo had found that the speed just kept on 
increasing, and weight was irrelevant as long as air friction was negligible. 
Not only did Galileo prove experimentally that Aristotle had been wrong, 
but he also pointed out a logical contradiction in Aristotle's own reasoning. 
Simplicio. the stupid character, mouths the accepted Aristotelian wisdom: 

SiMPLicio: There can be no doubt but that a particular body ... has a 
fixed velocity which is determined by nature... 

SAiviATi: If then we take two tKxlies whose natural speeds are 
different, it is clear that, [according to Anstotle], on uniting the two. the 
more rapid one will be partly held back by the slower, and the slower 
will be somewhat hastened by the swifter. Do you not agree with me 
in this opinion? 

SiMPucio: You are unquestionably right. 

Salviati: But if this is true, and if a large stone moves with a sp«ed of, 
say. eight [unspecified units] while a smaller moves with a speed of 
four, then when they are united, the system will move with a speed 
less than eight: but the two stones when tied together make a stone 
larger than that which before moved with a speed of eight. Hence the 
heavier body moves with less speed than the lighter: an effect which 
is contrary to your supposition. Thus you see how. from your 
assumption that the heavier body moves more rapidly than the lighter 
one. I infer that the heavier body moves more slowly. 

[Ir. Crew and De Salvio] 

What is gravity? 

The physicist Richard Feynman liked to tell a stor)' about how when he 
was a little kid. he asked his father. "Why do things fail?" As an adult, he 
praised his father for answering, "Nobody knows why things fall. Ir s a deep 
mystery, and the smartest people in the world don't know the basic reason 
for it." Contrast that with the average persons oflf-the-cuff answer, "Oh, it's 
because of gravity." Feynman liked his father's answer, because his father 
realized that simply giving a name to something didn't mean that you 
understood it. The radical thing about Ctalilco's and Newton's approach to 
science was that the)' concentrated first on describing mathematically what 
really did happen, rather than spending a lot of time on untestable spccula- 
rion such as Aristotle's statement that "Things fall because the)' arc tr)'ing to 
reach their natural place in contact with the earth." That doesn't mean that 
science can never answer the "why" questions. Over the next month or two 
as you delve deeper into ph)-sics. you will learn that there arc more funda- 
mental reasons why all falling objects have i>-t graphs with the same slope, 
regardless of their mass. Ne\'enhelcss. the methods of science always impose 
limits on how deep our explanation can g o. 



(5) 



Its speed increases at a steady rate, so m the next second it will travel 19 cm. 



Section 3.1 The Motion of Falling Objects 



3.2 Acceleration 





Definition of acceleration for linear v-t graphs 

Galileos experiment w ith drupping heavy and lighc objccu from a 
tofMcrchoweddittdlfidltng obiects have the nne inocioii. aod lus in- 
dified-planc experiments show ed (hat the motion was dcscnbcd by i 

TTic initi.il \ f!(>city c,, dcpciuis mi wht rhrr \ ()u drop the object from restor 
throw it down, but even if you tlirow u down, you cannot change the slop^ 
a, of die p-t graph. 

Since these experiments show that all lallmg objects have linear i^t 
gpaplw widi file Mde dopei the dope of fodi a paph is appaic^^ 

iinport.)nt and useful quantity. We use the WOtd^tBllemnon. and the 
syn>bol a, for the slope of uich a graph. In synibols, a=Ar/:\i. The accelera- 
tion can be interpreted as the amount ot speed gained in every second, and 
it htt unici of vdochjr dhnded by ome, i>6. ^nemv per Mc o tid per te oo oA* 
or m/s/s. Gintinuing to treat units as if they were algebra symbols, we 
simpIitA "m/s/s" to rc.id "m/s '." Ac(.clcr.uion can be a uscfiil quantity for 
describing other types ot mouon besides tailing, and the word and the 
qrmbol V can be used In a inoR geneid context ^ icKm the OMte 
specialized symbol "g" for the acceleration of falling objects* wbicfa On the 
surface of our planet cquaU 9.8 mis'. Often when doing approximate 
calculations or moely iiiustradve numerical examples it is good enough to 
^10 ni/s>. wfakb is off bf oolr 2%. 



QuMtion: A despondent physics student jumps off a bridge, and 
falls for three seconds before hitting the water. How fast is h« 
going wf)en he hits the water? 

Solution: Approximating gm 10 mfe', he will gain 10 m/s of 

speed each second. After one second, his velocity is 10 m/s, 
after two seconds it is 20 m/s. and on impact, after taliing for 
, Iw Ib mowing aft 30 inte. 



Eimnple: exttactk^ acceleration from a graph 
Qutttton: 11w X4 iMl v4 graplw ahow ttw inofliin of • car 

starting from a stop sign. What is the Cilli acceleration^ 

Solution: Acceleration is defined as lha atape of the v-t grapfi. 

The giapli Hsaa by 3 in% tfuHng a ttne bilsnnil of 3 a, ao Via 

acceleration is (3 m/s)/(3 s)-1 m's' 

Incorrect solution #1: Tfte final velocity is 3 m/s, and 

aooanranon ■ wiRio^f OMnaoDf Biiia^ ao vw ■ooaiaianon ■ |9 

m/s)/(10s)=0.3m/!>^. 

X The solution is incorrect because you can't find the slope of a 
graph from one point This person was just using the point at tfie 



Incorrect solution #2: Velocity is cfistance divided by time so 
v=(4.5 m)/(3 8)=1 .5 m/s. Acceleration is velocity divided by time, 
ao a«(l J m«M9 tH^ nW*. 

X The solution islfiooiiect because velocity is the slope of the 

tangent line. In a case like this where the velocity is changirtg, 
you can't just pick two points on ttie x-t graph and use them to 

Itgiri Mia - -»- -- 

mo wia ¥BaiGii)|i 
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EiunplK oonvn^i^ ff to dKhftnt unMt 

Question: What is g in units of cm/s^? 
Soiution: The answer is going to be how many on/s of speed a 
felling object gains in one Moond. If ft giins 9 J mte In one 
second, then it gains 980 cnVs in one second, so g=980 cm/s^. 
Attemativeiy, we can use tt^e method ot fractions that equal one: 



9.8 100 cm 



980 cm 



QiMtMoiK Vkftwi to g in unite of mMwui^ 



9.8 m ^ 1 mile 
s2 1600 m 



This large number can be interpreted as the speed, in miles per 
hour, you would gain by falling for one hour. Note that we had to 



ouiina unM Or aaooiMii aQuaiM Ml via oanoinniior. 

Question: What to g bi unito of miaa/houf/s? 

Solution: 



9.8 m ^ 1 mile ^ iOOOt 
<3 1600 m 1 hour 



> 22 mUelhoiuAt 



This is a figure that Americans will have an intuitive feel for. If 
ywcaf haaa te iwiM J a ccB la f irt on aqiMitelhaa co ator all onofa 

falling object, then you will gain 22 miles per hour of speed every 
seoorKl. Hovirever. using mixed time units of hours arxi seconds 
Mce this is ueualy inconvenient for probienvsoMng. It would be 
■ct wing unito oriooHnaliat lor aiM InMad of 11^ or in*. 

Ttio McortwMoii ol BwMly Is dlffcfwii in dWIwwwt iPCMMoiiii 

Everyone knows that gravir\' is weaker on thr moon, but aamfy h k 
not even the same cvcr}'whcrc on Earth, as shown by dwrnplingof 
numerical data in the fbUowii^ table. 





Ijiiiimlf 


elevation 

(m) 


(m/$^> 


north f>olc 


90° N 


0 


9.8322 


Rcykjaviit* lodand 


64" N 


0 


9.8225 


FuDatoa, Cdifemis 


34* N 


0 


9.7957 


GiuqMQoilt Bnw4ftf 


2« S 


0 


9.7806 


Mb GMOfMxi, Eoudor 


1" S 


5896 


9.7624 


Mc Everett 


28° N 


8848 


9.7643 



The main variables that rcl no to the value of^on Earth arc latitude and 
elevation. Althou^ you have not yet learned howj would be calculated 
bawd on any deqxr theory of gravity, ititnoctooiiaiilioguatwhy^ 
dqieiidt on devadoiL Gnviqr k in adncdoa beMcen 
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mass, and the attraction gets weaker with increasing distance. As you ascend 
from the seaport of Gua>'aquil to the nearby top of Mt. Cotopaxi, you arc 
distancing yourself from the mass of the planet. The dependence on latitude 
occurs because we are measuring the acceleration of gravity relative to the 
eanh's surface, but the canh's rotation causes the canh's surface to fall out 
frt>m under you. (We will discuss both gravity and rotation in more detail 
later in the course.) 

Much more speaacular differences in the strength of gravity can be 
observed away from the Earth's surface: 



location 


g (m/s2) 


asteroid Vesta (surface) 


0.3 


Eanh's moon (surface) 


1.6 


Mars (surface) 


3.7 


Earth (surface) 


9.8 


Jupiter (cloud-tops) 


26 


Sun (visible surface) 


270 


typical neutron star (surface) 


10>2 




infinite according to 


black hole (center) 


some theories, on the 




order of 10^^ 




according to others 



This false-color map shows variations 
in the strength of the earth's gravity. 
Purple areas have the strongest 
gravity, yellow the weakest The over- 
all trend toward weaker gravity at the 
equator and stronger gravity at the 
poles has been artificially removed to 
allow the weaker local variations to 
show up. The map covers only the 
oceans because of the technique used 
to make it; satellites look for bulges 
and depressions m the surface of the 
ocean A very slight bulge will occur 
over an undersea mountain, for 
instance, because the mountain's 
gravitational attraction pulls water 
toward it. The US government 
ongmally began collecting data like 
these for military use, to correct for the 
deviations in the paths of missiles The 
data have recently been released for 
scientific and commercial use (e g. 
searching tor sites for off-shore oil 
wells). 



A typical neutron star is not so different in size from a large asteroid, but is 
orders of magnitude more massive, so the mass of a body dcfmitcly corre- 
lates with the ^ it creates. On the other hand, a neutron star has about the 
same mass as our Sun, so why is its /^billions of times greater? If you had the 
misfortune of being on the surface of a neutron star, you'd be within a few 
thousand miles of all its mass, whereas on the surface of the Sun, you'd still 
be millioiu of miles from most if its mass. 
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Chapter 3 Acceleration and Free Fall 



Discussion questions 

A What is wrong with the following definitions of ^ 

(a) V'S gravity." 

(b) 'g\% the speed of a falling object." 

(c) 'g\% how hard gravity pulls on things * 

B. When advertisers specify how much acceleration a car is capable of. they 
do not give an acceleration as defined in physics. Instead, they usually specify 
how many seconds are required for the car to go from rest to 60 miles/hour. 
Suppose we use the notation for the acceleration as defined in physics, 
and 'a^ ^ for the quantity used in advertisenwnts for cars. In the US's non- 
metnc system of units, what would be the units of ^and ^? How would the 
use arvj interpretation of large and small, positive and negative values be 
different for a as opposed to ^? 

C. Two people stand on the edge of a diff. As tt)ey lean over tf>e edge, one 
person throws a rock down, while the other throws one straight up with an 
exactly opposite initial velocity. Compare the speeds of the rocks on impact at 
the bottom of the cliff. 




3.3 Positive and Negative Acceleration 



a= a= as 
-lOrrVs^ -10m/s2 -10m/s2 




(Jravit)- always pulls down, but that docs not mean it alwa)^ speeds 
things up. If you throw a ball straight up, gravity will first slow it down to 
1^0 and then begin increasing its speed. When I took physics in high 
school. I got the impression that positive signs of acceleration indicated 
speeding up, while negative accelerations represented slowing down, i.e. 
deceleration. Such a definition would be inconvenient, however, because we 
would then have to say that the same downward lug of gravity could 
produce either a positive or a negative acceleration. As we will sec in the 
following example, .such a definition also would not be the same as the slope 
of the graph 

Let's study the example of the rising and falling ball. In the example of 
the person falling from a bridge, I assumed positive velocity values without 
calling attention to it, which meant I was assuming a coordinate system 
whose X axis pointed down. In this example, where the ball is reversing 
direction, it is not possible to avoid negative velocities by a tricky choice of 
axis, so let's make the more natural choice of an axis pointing up. The ball's 
velocity will initially be a positive number, because it b heading up, in the 
same direction as the x axis, but on the way back down, it will be a negative 
number. As shown in the figure, the i>-r graph does not do anything special 
at the top of the ball's flight, where v equals 0. Its slope is always negative. 
In the left half of the graph, the negative slofw indicates a positive velocity 
that is getting closer to zero. On the right side, the negative slope is due to a 
negative velocity that is getting farther from zero, so we say that the ball is 
speeding up, but its velocity is decreasing! 

To summarize, what makes the most sense is to stick with the original 
definition of acceleration as the slope of the v-t graph, ^vliit. By this 
definition, it just isn't necessarily true that things speeding up have positive 
acceleration while things slowing down have negative acceleration. The 
word "deceleration" is not used much by physicists, and the word "accelera- 
tion" is used unblushingly to refer to slowing down as well as speeding up: 
"There was a red light, and we accelerated to a stop." 

Examp/e 

Question: In the example above, what happens if you cateulate 



Section 3.3 Positive and Negative Acceleration 
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llw floofltoralion iMliMMn Ib1 .0 flnd 1^fl>? 

Answer Reading from the graph it looks! 
about -1 nVs at t=l.Os, andaround -6m^fllbi1^t.Tlw 
aooatondton. figured btwwn Smm two poMi, to 

(-6m/i»-(-lin/i) 2 
6t (1.5i)-0.0i) 

Even though the ball is speeding up. it has a negaflvs 
aooeleration. 

Another way of convincing you that this way of handling the plus and 
minus signs makes sense is to think of a device tliat measuics aoceleiation. 
After all, physics is suppoted ta mtopaokmd i lffinh i i i iii, oms ibat tdm 
to the Rsuln you get with aoual measonBg devices^ Conactfr an air 

freshener hanging fVom the rear-view mirror of your car When you speed 
up, the air freshener swings backwaid. Suppose wc dcHne this as a positive 
reading When you slow down, die air fiediener swings forward, so we'll 
call this a negative reading on oar aLxukromeief, Butwhat tfyoaput Aea 

In reverse and start speeding up backwards? Even though you're speeding 
up. the accclcrometcr rcsp«inds in the samr wav as ir did when you weie 
going forward and slowing do>%'n. There arc tour possible cases: 





accelerom- 


slope of 


direction of 




eter 


v-t 


force acting 


■MNiMlorCtf 


flwingi 


gnpb 




forwaidt speeding up 


Kaj- It Miii.mil 


♦ 


feiwaid 


forward, slowing down 


fecwacd 




backward 


bacbwanl* ipccJing up 


fii.— ..Ill 




11 ■ 
oacnrafa 


backward, slowing down 


backward 


♦ 





Note the ooowtencyoftfaetfafee right-hand otdumnt— nature is 
tr>-ing to tell us diflK this ii the t^g^tt qntcm (if daMifiettkMi« iKN dw kft- 

hand column. 
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Because the positive and negative signs of acceleration depend on the 
choice of a coordinate system, the acceleration of an object under the 
influence of gravity can be either positive or negative. Rather than having to 
write things like "^9.8 m/s^ or -9.8 m/s^" every time we want to discusses 
numerical value, we simply deBne g as the absolute value of the acceleration 
of objects moving under the influence of gravity. We coruistently let ^9.8 
m/s^, but we may have either a-g or a=-g, depending on our choice of a 
coordinate system. 

Fxamp/e 

Question: A person Kicks a ball, which rolls up a sloping street, 
comes to a halt, arxj rolls back down again. The ball has 
constant acceleration. The ball is initially moving at a velocity of 
4.0 m/s, and after 10.0 s it has returned to where it started. At the 
end, it has sped back up to the same speed it had initially, but in 
the opposite direction. What was its acceleration? 
Solution: By giving a positive number for the initial velocity, the 
statement of the question implies a coordinate axis that points up 
the slope of the hill. The "same" speed in the opposite direction 
should therefore be represented by a negative number, -4.0 m/s. 
The acceleration is .sfcAtyA/tii/^^^-v^i^gVlO O s=((-4.0 fT\/s)-(4.0 
m/s)yi0.0 s=-0.80 m/s^. The acceleration was no different during 
the upward part of the roll than on the downward part of the roll. 
Incorrect solution: Acceleration is Si^Sf. and at the end it's not 
moving any faster or slower than when it started, so At^O and 
a=Q. 

/ The velocity does change, from a positive number to a 
negative number. 
Discussion questions 

A A child repeatedly jumps up and down on a trampolirte. Discuss the sign 
an J magnitude of his acceleration, including both the time when he is in the air 
3' 1 the time when his feet are in contact with the trampoline. 

B. Sally is on an amusement park nde which begins with her chair t>eing 
hoisted straight up a tower at a constant speed of 60 miles/hour. Despite stem 
warnings from her father that he'll take her home the next time she 
misbehaves, she decides that as a scientific expenment she really needs to 
release her comdog over the side as she's on the way up. She does not throw 
it. She Simply sticks it out of the car. lets it go. and watches it against the 
background of the sky, with no trees or buildings as reference p>oints What 
does the corndog s motion look like as obsen/ed by Salty? Does its speed ever 
appear to her to tie zero? What acceleration does she observe it to have: is it 
ever positive? negative? zero? What would her enraged father answer if asked 
for a similar description of its motion as it appears to him. standing on tf)e 
ground? 

C. Can an object maintain a constant acceleration, but meanwhile reverse the 
direction of its velocity? 

D. Can an obtect have a velocity that is positive and increasing at the same 
time that its acceleration is decreasing? 

E. The four figures show a refugee from a Picasso painting bknving on a roiling 
water bottle. In some cases the person's blowing is speeding the bottle up. tHit 

Discussk>n question B. is slowing it down. The arrow inside the bottle shows whKh 
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figure. In each case, figure out the plus or minus signs of the velod^ml 
aocsleration. It nuiy be helpful to draw a »^/graph in eacn case. 




^1 



09 



3,4 Varying Acceleration 



I 



I 




So 6f wc have only been discussing examples ot modoo for which die 
graph it liaear. If we wUi to geneidiK our definfakM » g^apli* liw 
are more complex curves, the best wa^ id |M P C BBd is anilar Id koir ne 
defined velocity for curved »4piphi: 

definition of acceleration 

The acceleration ot an object at any insunt is the slope of the tangent 
line passing through its i*-venu8-/ graph at the idevant poiltt. 

Qmrtlon: The graphs show the results of a fairly realistic 
computer simulation of the motion of a skydiver including the 
effects of air friction. The a- axis has been chosen pointing down, 
■o jris incfoasing as she falls. Rnd (a) the ok fdt mt B 
acceleration at t-3 0 s. and also (b) at ^7.0 s. 
Solution: I've added tangent lines at the two points tn questton. 
f al lb Ind ttia Aim of Vw tMKnni Int. i Dlok liHO Dolnii on flto 
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line (not necessarily on the actiiiPi 



curve): (3.0 8, 28 m/s) and (5.0 




i<0 



s. 42 mf8). The stops of tw tangent line is (42 mMB m%V(5.0 8 

-3.0 S)=7 0m 5^ 

(b) Two points on mis tangent line are (7.0 s, 47 mte) and (9.0 s, 
52 m/B). The slope of the tangent One is {52mf^-4rrMi/^.0n- 
7.08H2-5m/s'- 

Physically, whaf s happening is ttiat at t=3.0 s. the stcydrver Is not 
yet going very fast, so air friction is not yet very strong. She 
therefore has an acceleration almost as great as g. At t=7.0 s. 
she is moving almost twice as fast (about 100 miles per hour), 
and air friction is extremely strong, resulting in a significant 
deportuTB from the Ideeteed cbm of rw ak fitetlon. 

In (he above example, the»f gpaphtrasnot even used in ihe solution of 
the problcnt, since the definition of acceleration refers to the slope ot the W 
graph. It is possible, however, to interpret an x-t graph to Find out sonic- 
diing about die a ooeleM » ioa.Aoob^widt«ro a c ttfer«^ i.e.coiWMt 
veloci^t hit an X'/giaphdntiiattiiqlhc line. A straight line hxs no 
cun'arure. A ch.inge in ve!ocir\' requires a change in the slope of the x-t 
graph, which means that it is a curve rather than a Unc. I has acceleration 
rdxes todiecufvatureof tfae«-/gniph. I^gnre (c^ dio«*c wme examples. 

b the slqrdiverexaiiqile,iliex-/ graph was moieKrongiy curved at tiie 
beginning, and became nearly snai^t at the end. If die x-t graph is neailjr 

stniiphr. rht-n its slope, rhc \cIocir\'. is ne.irly const.int. .ind the .iccelt-r.uion 
is therefore snuil. We can dius interpret die acceleration as representing the 
cluvatuie of the graph. If the "cup" of the curve points up, the accelera- 
lioo M pomiveii and if k poinit down, die aooeletation B n^Bine. 

Sm'f the iriaiiflnship becwccn 4 and vis analo^pua id die nclatiotidiip 
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between v and x, wc can also make graphs of acceleration as a function of 
time, as shown in figures (a) and (b) above. 

Figure (c) summarizes the relationships among the three types of 
graphs. 

Discussion questions 

A Oescnbe in words how the changes in the /graph for the skydiver relate 

tf>e behavior of the t^/graph 
B Explain how each set of grapta contairts irKX)nsistefK:ies. 




t t t 

Discussion question B 



C In each case, pick a coordinate system and draw >/, and ^/graphs. 
Picking a coordinate system means pk:kir>g wf>ere you want /Hi to be, and 
also picking a direction for the positive -raxis. 
1 An ocean liner is crusing in a straight line at constant speed. 

2. You drop a ball. Draw to different sets of graphs (a total of 6). with one 
set's positive a- axis pointing in the opposite direction compared to tf>e 
otl>er's 

3. You're dnvlng down the street kx)king for a house you've never been to 
before. You realize you've passed the address, so you slow down, put the 
car in reverse. t>ack up. arvj stop in front of the house. 
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3,5 The Area Under the Velocity-Time Graph 

A natural question to ask about falling objects is how fast they tall, but 
Galileo showed that the question hxs no answer. The physical law that he 
discovered connects a cause (the attraction ot the planet Earth's mass) to an 
effect, but the effect is predicted in terms of an acceleration rather than a 
velocity. In faa, no physical law predicts a definite velocity as a result of a 
specific phenomenon, because velocity cannot be measured in absolute 
terms, and only changes in velocity relate directly to ph)'sical phenomena. 

The unfortunate thing about this situation is that the definitions of 
velocity and acceleration are stated in terms of the tangent-line technique, 
which lets you go from x to to a, but not the other way around. Without a 
technique to go backwards from a to r to x, we cannot say anything quanti- 
tative, for irutance, about the x-/ graph of a falling object. Such a technique 
docs exist, and I used it to make the x-t graphs in all the examples above. 

First let s concentrate on how to get x information out of a f-t graph. In 
example (a), an object moves at a speed of 20 m/s for a period of 4.0 s. The 
distance covered is Sx^i'Ar:(20 m/s)x(4.0 s)^80 m. Notice that the qiund- 
ties being multiplied are the width and the height of the shaded rectangle 
— or. strialy speaking, the time represented by its width and the velocity 
represented by its height. The distance of Ajf=80 m thus corresponds to the 
area of the shaded part of the graph. 

The next step in sophistication is an example like (b), where the objea 
moves at a constant speed of 10 m/s for two seconds, then for two seconds 
at a different con-stant speed of 20 m/s. The shaded region can be split into 
a sm.ill rectangle on the left, with an area representing Ax- 20 m. and a taller 
one on the right, corresponding to another 40 m of motion. Tlie total 
distance is thus 60 m, which corresponds to the total area under the graph. 

An example like (c) is now just a trivial generalization: there is simply a 
large number ot skinny rectangular areas to add up. But notice that graph 
(c) is quite a good approximation to the smooth cur>'e (d). Even though we 
have no formula for the area of a funny shape like (d), we can approximate 
its area by dividing it up into smaller areas like rectangles, whose area is 
easier to calculate. If someone hands you a graph like (d) and asks you to 
find the area under it. the simplest approach is just to count up the litde 
rectangles on the underlying graph paper, making rough estimates of 
Q 2 4 g H fractional rectangles as you go along. 
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That's what I've done above. Each rectangle on the graph paper is 1.0 s 
wide and 2 m/s tall, so it represents 2 m. Adding up all the nuinbcrs gives 
Ax=4l m. If you needed better accuracy, you could use graph paper with 
smaller rectangles. 

It's important to reali2e that this technique gives you Ax, not x. The »-t 
graph has no information about where the object was when it started. 

The following are important points to keep in mind when applying this 
technique: 

* If the range of v values on your graph does not extend down to 
zero, then you will get the wrong answer unless you compensate by 
adding in the area that is not shown. 

* As in the example, one reaangle on the graph paper does not 
necessarily correspond to one meter of distance. 

* Negative velocity values represent motion in the opposite direction, 
so area under the / axis should be subtraaed, i.e. counted as 
"negative area." 

* Since the result is a Ax value, it only tells you x^^^■x^^^, which 
may be less than the actual distance traveled. For instance, the 
object could come back to its original position at the end, which 
would correspond to Ax^O, even though it had actually moved a 
nonzero distance. 

Rnally, note that one can find Ar firom an a-t graph using an entirely 
analogous method. Each rectangle on the a-t graph represents a certain 
amount of velocity change. 

Discussion question 

Roughly what would a pendulum's k'/graph look like? What would happen 
A hen you applted the area-under-the^urve technique to find the pendulum's 
A^for a time period covenng many swings? 
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3.6 Algebraic Results for Constant Acceleration 



V 

At 




Although the area-under-ihe-curvc technique can be applied to any 
graph, no matter how complicated, it may be laborious to carry out, and if 
fractions of rectangles must be estimated the result will only be approxi- 
mate. In the special case of motion with constant acceleration, it is possible 
to find a convenient shortcut which produces exact results. When the 
acceleration is constant, the t>-t graph is a straight line, as shown in the 
figure. The area under the curve can be divided into a triangle plus a 
rcaangle, both of whose areas can be calculated exaaly: A=bh for a rea- 

angle and y4«' 2 for a triangle. The height of the rectangle is the initial 
velocity, v^, and the height of the triangle is the change in velocity from 
beginning to end, Av. The object's Ax is therefore given by the equation 

Ax- = v^t > K^l/At . This can be simplified a little by using the definition of 
acceleration, a^AvlAt to eliminate Av, giving 

Ax ■ v^t * 'tfA/^ [motion with constant acceleration] . 

Since this is a second-order polynomial in At, the graph of Ax versus At 
is a parabola, and the same is true of a graph of x versus i — the two graphs 
differ only by shifting along the two axes. Although I have derived the 
equation using a figure that shows a positive f„, positive a, and so on, it still 
turns out to be true regardless of what plus and minus signs arc involved. 

Another useful equation can be derived if one wants to relate the change 
in velocity to the distance traveled. This is useful, for instance, for finding 
the distance needed by a car to come to a stop. For simplicity, we start by 
deriving the equation for the special case of v^=Q. in which the final velocity 

is a synonym for Av. Since velocity and distance are the variables of 
interest, not time, we take the equation Ax = ' 2 oAt^ and use At=Avla to 
eliminate Ar. This gives Ax = ' 2 (Av^/a, which can be rewritten as 

Vf ■ 2aAx [motion with constant acceleration, f „ = 0) . 

For the more general case where f „ * 0 , we skip the tedious algebra 
leading to the more general equation, 

V( = vl*2aAx [motion with constant acceleration] . 

To help get this all organized in your head, first let's categorize the 
variables as follows: 

Variables that change during motion with constant acceleration: 

X, f, / 

Variable that doesn't change: 
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(here » ahwsyri an eqoatioo dttt lektes tfaoM two: 




Hie tjnxunetty among the three variaUcs is impcrfeaoolfbeonaedie 
eqiudoo ididiig jrand r indodci die budil vElocii7. 

TTiCTB MB WD imin Afficuliici cooouiubiwI by m i ilf mi w app^fim 

* The equations apply only to morion with consoitt •ooekndon. Yon 
can't tffif diem if die aooelenikMi ia '^'^'f r 

* Students aie oAeD lumic of wAoA equation to ok, or nuy cause 
rhcmsclvcs unnecessary work by raking the longer path around the 
triangle in the chan above. Organize your thoughts by listing the 
variables you are given, the ones you want id find, and die oats you 
ucflllt |pven and <locft CMS dbout 

QuwHon' You are trying to pull an old lady out of the way of an 
onooming truck. You are able to give her an acceleratton of 20 m/ 
i^. Slflf liiy ftiNii fwl, how iiMioh few te nQukvd ki oidirlo mow 

her 2 m? 

Sokition: First we organize our thoughts: 

MwMMMgiwen: ^^<^o 

Variables desired: A/ 

Irrelevant variables: if 
OoiMiMnQ tlw llnnpAv chMtMwra, the etfuflian W9 iwwl Ib 

0lMtyAx»ifaAf4|a&f* .linmihMMwtourMifiMMOf 

inlMMl end oinHB the Irielevant one. EinnbiiflnQtfw i^tnimnd 

■oMngfor A/(|M«^-\/^i^ >0.4s. 

DiSCUMkNI l|IIMliOM 

A Ctwck Mi the wiMi RNlii MOW ki Vw 11mm cQMloni tfMhMd ki Mi 

section. 

B. In Gheplar 1, 1 gme e x a mpk s of correct and incorrect reasonlr^ about 
prafMrtionaMy; Mtaig queilians about the scaling of area and 

translate the iiKxifieul niodes of reasonrng shK>wn there inio misiatos about ttie 

follow rg question If the acceleration of gravity on Mars is 1 '3 thar on f anh, 
how many times longer does it take for a rock to drop the same distance on 
Man? 
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3.7* Biological Effects of Weightlessness 




Artis! s conceptions of the X-33 
spaceship, a half-scale uncrewed 
version of the planned VentureStar 
vehicie. which was supposed to cut the 
cost of sending people into space by 
an order of magnitude. The X-33 
program was canceled In March 2001 
due to technical failures and budget 
overruns, so the Space Shuttle will 
remain the U.S 's only method of 
sending people into space for the 
forseeable future. 

CourlKy of HASA 



The usefulness of ouicr space was brought home to North Americans in 
1998 by the unexpected failure of the communicacions satellite that had 
been handling almost all of the continent's cellular phone traffic. Compared 
to the massive economic and scientific pa)'oflf$ of satellites and space probes, 
human space travel has little to boast about after four decades. Sending 
people into orbit has just been too expensive to be an effective .scientific or 
commercial activity'. The 1986 Challenger disaster dealt a blow to NASA's 
confidence, and with the end of the cold war, U.S. prestige as a superpower 
was no longer a compelling reason to send Americans into space. All that 
may change soon, with a new generation of much cheaper reusable space- 
ships. (The space shuttle is not truly reusable. Retrieving the boosters out of 
the ocean is no cheaper than building new ones, but NASA brings them 
back and uses them over for public relations, to show how frugal they arc) 
Space tourism is e\'en beginning to make economic sense! No fewer than 
three private companies are now willing to take your money for a reserva- 
tion on a two-to-four minute trip into space, although none of them has a 
firm date on which to tx^in service. VX'ithin a decade, a space cruise may be 
the new status symbol among those sufficiently rich and brave. 

Space sickness 

Well, rich, br.ive, and possessed of an iron stomach. Travel agents will 
probably not emphasize the certainty ot constant space-sickness. For us 
animals evolved to fiinaion in |^9.8 m/s*, living in ^0 is extremely 
unpleasant. The early space program focused obsessively on keeping the 
astronaut-trainees in perfect physical shape, but it soon became clear that a 
body like a Greek demigod's was no defense against that horrible feeling 
that your stomach was falling out from under you and you were never gping 
to catch up. Our inner car, which normally tells us which way is down, 
tortures us when down is nowhere to be found. There is contradictory 
information about whether anyone ever gets over it; the "right stuff" culttue 
creates a strong incentive for astronauts to deny that they are sick. 

Effects of long space missions 

Worse than nausea are the health-threatening effects of prolonged 
weightlessness. The Russians arc the specialists in long-term missions, in 
which cosmonauts suflcr harm to their blood, muscles, and, most impor- 
tantly, their bones. 

The effects on the muscles and skeleton appear to be similar to those 
experienced by old people and p>eople confined to bed for a long time. 
Evcrj'one knows that our muscles get stronger or weaker depending on the 
amount of exercise we get, but the bones arc likewise adaptable. Normally 
old bone mass is continually being broken down and replaced with new 
material, but the balance between its loss and replacement is upset when 
people do not get enough weight-bearing exercise. The main cfTect is on the 
bones of the lower body. More research is required to find out whether 
astronauts' loss of bone mass is due to faster breaking down of bone, slower 
replacement, or both. It is also not known whether the effect can be sup- 
pressed via diet or drtigs. 

The other set of harmful physiological effects appears to derive from the 
redistribution of fluids. Normally, the veins and arteries of the legs are 
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U S and Russian astronauts 
aboard the International Space 
Station. October 2000. 




The International Space Station. 
September 2000 The space station 
will not rotate to provide simulated 
gravity. The completed station will 
be much bigger than it is in this 
picture. 



More on Apparent Welghttessness 
Astronauts m orbit are not really 
weightless; they are only a few 
hur>dred miles up. so they are still 
affected strongly by the Earth's 
gravity. Section 10.3 of this book 
discusses why they experience 
apparent weightlessness. 

More on Simulated Gravity 
For more information on simulating 
gravity by spinning a spacecraft, see 
section 9.2 of this book. 



tightly constricted to keep gravity from making blood collect there. It is 
uncomfortable for adults to stand on their heads for very long, because the 
head's blood vessels are not able to constrict as effectively. Weightless 
astronauts' blood tends to be expelled by the constriacd blood vessels of the 
lower body, and pools around their hearts, in their thoraxes, and in their 
heads. The only immediate result is an uncomfortable (ccling of bloatcdncss 
in the upper body, but in the long term, a harmful chain of events is set in 
motion. The body's attempts to maintain the correct blood volume are most 
sensitive to the lc\'cl of fluid in the head. Since astronauts have extra fluid in 
their heads, the body thinks that the over-all blood volume has become too 
great. It responds by decreasing blood volume below normal levels. This 
increases the concentration of red blood cells, so the body then decides that 
the blood has become too thick, and reduces the number of blood cells. In 
missions lasting up to a year or so, this is not as harmful as the musculo- 
skeletal effects, but it is not known whether longer period in space would 
bring the red blood cell count down to harmful levels. 

Reproduction in space 

I'or those enthralled by the romance of actual human colonization of 
space, human reproduction in weightlessness becomes an issue. An already- 
pregnant Russian cosmonaut did spend some time in orbit in the 1960's, 
and later gave birth to a normal child on the ground. Recently, one of 
NASA's public relations concerns about the .space shuttle program has been 
to discourage speculation about space sex, for fear of a potential taxpayers' 
backlash against the space program as an expensive form of exotic pleasure. 

Scieniiflc work has been concentrated on studying plant and animal 
rcproduaion in space. Green plants, fungi, insects, flsh, and amphibians 
have all gone through at least one generation in zero-gravit)' experiments 
without any serious problems. In many cases, animal embr)'os conceived in 
orbit begin by developing abnormally, but later in development they seem 
ro correct themselves. However, chicken cmbr)'o$ fertilized on earth less 
than 24 hours before going into orbit have failed to survive. Since chickens 
are the organisms most similar to humans among the species investigated so 
far, it is not at all certain that humans could reproduce successfully in a 
zero-gravity space colony. 

Simulated gravity 

If humans are ever to live and work in space for more than a year or so, 
the only solution is probably to build spinning space stations to provide the 
illusion of weight, as discussed in section 9.2. Normal gravity could be 
simulated, but tourists would probably enjoy g^l m/s* or 5 m/s". Space 
enthusiasts have proposed entire orbiting cities built on the rotating cylin- 
der plan. Although science fiction has focused on human colonization of 
relatively eanhlike bodies such as our moon. Mars, and Jupiter's icy moon 
Europa, there would probably be no practical way to build large spinning 
structures on their surfaces. If the biological effects of their 2-3 m/s^ 
gravitational accelerations arc as harmful as the effect of ^0, then we may 
be left with the surprising result that interplanetary space is more hospitable 
to our species than the moons and planets. 
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3.8 J Applications of Calculus 



In the Applications oi Cikulus section at the end of tht- prt v ions 
chapter, I diviisscd how the slopo-ot-the-r.ingent-nne idea related to the 
calculus concept of a defivativc, and ihc branch of calculus known as 
cliftiaiiial calculus. The odKT SHiB bailed of olndui. inii^^ 
has CO do irith the aic»-uiideivtlie<itiwooaoepc discus^ 3.5 of 

dik chapter. Again there is a concept, ^ nm.uion. and a bag of tricks for 
doing things symbolically rather than graphically. In caiculus, the area 
under die v-t graph between t-t^ and t=t, is noutcd like this: 

am under die cunre-Av- | 

The expiession on the right is called an integral, and die lahiptd qwabol, 
die imogpd sigp, is read as "integral of...." 

Integral calculus and differential calculus arc closely rcl.ut d For in- 
stance, if you take the derivative of the function x{t), you get the function 
v(t), and If jiou int^rate the function vit), you get x(t) back again. Li other 
iwwd^ innyau on and dificwo OT Oo n uc utntsc op etm ont. TTus Is kn ow n 
at die fundtncnod Hwftt f m of cdculus. 



On an tuudated topic, there is a special notation for taking the deriva- 
tive of a function twice. The atLcleration. tor inst.incc, is the second (i.e. 
double) derivative of the position, because dihcrcnuatingxonoe gives v, and 
dien diftnendating f givct A Thk tt wricm as 

The HctiiitTglv iruntisistcnt placement of the twos on the top and bonom 
contuses ail Inrginning (.alculus students. The motivation tor this funnv 
notation is that acceleration has units of m/s*. and the noution corrcxdy 
auggjcns ihac the top looks like it has units of metcn, the bottooi seooods'. 
The WMadon b not meui^ hinicmv to auggpc diac r is icafy squaicd. 
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Summary 



' Vocabulary 

gravity ... A general term for the phenomenon of atuaction between things having 

iiiWiiiMi bcmcn Our phncF ttid t liuiiMii*ttwl ob|CCC cttMS 
theobjeaw&IL 

acodemkm ..».....^„„»^~..TlKaieofdiai^olvdociqr:ifaedopeoftheaiig^ 

Notation 

acccleraiioo 

g..„..,„ the aooefemion of obfeca in fiee &D 

SunMKy 

Qaltoahowed that when air resistance is negligibie all falling bodies have the same inotion regardless of 
imss. MofWWBf, tficir k /graphs we straigM lines. We tfwrafore deftw a quantity oritodwsoetondkm Mttie 

slope, \ of an object's t-/ graph. In cases other ttian free fall, the v-t graph may be curved, in which case 
the definition is generalized as the slope of a tangent line on the /graph. The aoooloralion of ofciwte in free 
fall varies stightty across the surface of the earth, and greatly on other planels. 

Positive and negative signs of acceleration are defined according to wtwiwr the t*/graph slopes up or 
down. This deinMonliMthSfldvinliOBSitf sfoneina^NmdtoBOlionitaM^ 



The area under tiw i^/gnph gives bx, and analogously the araa under ths «>/graph gkMS Ak 
ror monon win imwHm soosnnmit ine loscMMng virse equa n iwi* noKE 

■ Af 

They are not valid if the acceleration is changing. 
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Homework Problems 



1 y . I he graph represents the velocitv of a bee along a straight line. At r=iO, 
the bee is at the hive, (a) When is the bee tianhesi trom the hive? (b) How 
fitf ii dK bee « in fimhm pomt fiaoi ife bht? (c) At 1 3 s, how H the 
bee fiom die hive? [Hnic'nypirablem 19fint.] 



(Mb) 
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2. A rack ie dropped inio x pond. Draw plots of its position versus time, 
velocity versus time, and accclcr.ifion versus time. Include its whole motioil* 
starting from the moment it is dropped, and continuing while it tails 
dirough the air, passei duot^ die waie^ and cndt iq> at RK On die bottom 
of the pond. 

5. In an ISth-centuiy new! bottler ecMinonbeUiidiochoriraBialytpMici 

through ilu- side of an enemy ship's hull, flies across the galley, and lodges 
in a bulkhead. Draw plots of its horizontal position, vclocit)', and accelera- 
tion as functions of time, staning while it is inside ihc cannon and has not 
yet been filed, and ending when hocMncitD ICR. TheicUnoc any ognifi' 
cant amount of (nction fiom die air. Although the ball may rise .md 
you are only concerned with its horizontal motion, as seen hrom above. 

4. Draw graphs of position, velocity, .im! u > cieration as functions of time 
fer a pcfion bunjee jtunpiog. (In bunjcc juinpmg, a person has a stretchy 
eLutk cord tied to his/her ankles, and jiunps off of A hi^i pIttfiKiiia At die 
boccomofdie£dl,the cordbriiigpdieperaooi9dioit.Pkcmniabl|rtfae 
penon bounoei op a litilej 

5. \ ball rolls down the r.imp shcnvn iadieQgpiC, consisting ofaCUIWod 
knee, a straight slope, and a curved boOOin. R»r each part of the ramp, tell 
idiethcr the balls vdodty is inoeasinj^ decreasing, or constant, and also 
whcdief die baK*s a p c clciaii oo it increaifaii^ deeraniii^ or iiwiHaiiL E]^iafai 

, Assume there is no air frisiion or rolling KHMUIoe. Hint: liy 
1 20 fifst. [Based on a problem by Hewitt.] 



★ A difficult problem. 

J A problem that lequiretcaiculai. 



S A solution is given in the back of the boolb 
/ A computerized answer check is available. 
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& A 107 cv n ickaied on one flde of a piece of tndc duK is bent mto an 

upright U shape. The car gno hack and forth. When the car reaches the 
limit of its motion on one side, its vclncirv- is zero. Is its acceleration also 
zero? Explain using a v-t graph. [Based on a problem hf Serway and 
Faitghn.] 

7. What is the acceleration of a car that moves at a steady velocity of 100 
kn/h for 100 aeoond^ Eqibin jmir anma: [BaaedonapiDlilenifagr 
Hewitt.] 

8. A physics homework question asks, "If you start from rest and accelerate 
at l.'^4 m/s- for 3.29 s. how fiu do you oavel bjr die end of dm lime?" A 

snulent answers as follows: 

1.54x3.29 = 5.07 m 

His Aunt Wanda is good with numbers, but has never taken phvsics. She 
doesn't know the formula for the distance traveled imdcr constant accelera- 
tion over a gpta anioimt of iimc> bnt die telk her ncplwir Us aniiver 
catmot l>e ndht. Hoir doet die Imon^ 

9 /. 1l!bu aie kiolniig into a deep welL It it daric. and yon caniKX see the 

bottom. You want to find out how deep it is, so you dra|iatOcllill*aad|M 
hear a splash 3.0 seconds later. How deep is the weiU 

10*/. \bu take a trip in .(uir spaceship to another star. Setting off, you 
increase your speed at a constant acceleratwn. Once you get half-way there, 
yottsiaftdeoelefMine,atiticsameiiig,Bodiathydietinieyougct thcfe, 
you have slowed down to KTO ^xed. You see die Kmnst a macti oo ^ and 
tiicn head liome bjr die same mediodt 

(a) Fmd a (brmiila for the tune, T, required for the round trip, in terms of d, 
the distance from our sun to the star, and a, the macninidi- nt the accelera- 
tion. Note that the acceleration is not constant over tlic whole trip, but the 
tdp can be beolm up mso oonsnntHMoelention pans. 

(b) The nearest itwtD the Eaith (other than our own luiO it Pnninu 

Centauri, at a distance of iMslO*^ m. Suppose you use an acceleration of 

! 0 m /s \ just enough to compensate for the- l.u k of true gravity and make 
you tecl comfortable. How long does the round trip take, in years? 

(c) Using the same numbers tor d and </, find your maximum speed. 
Compare this to the speed of light, which is 3.0x10' m/s. (Later in this 
oouiie, you will Icam that these are some newthingpgoingoninplqniGS 
when one gets close to the speed of light, and that it is impossible to exceed 
the speed of light. For now, though* just use the stmplet ideas you've 
learned so far.) 

11. Vou dimb half-way up a tree, and drop a rock. Then you climb to the 
np^ and dfop anoAer tock. HoMrmaB^tmeayuttr wdifvchKi^of die 
second lodk on impacgBq»lsin.(11ie jm ii u is not taw times pa 

12. AlicediopsaiockoffaclifE BabbesiiooBaguistn%htdown from the 

edge of the same cliff Compare the accelerations of the tock and the bullet 
while they are on the way down. [Based on a problem by Serway and 
Faughn.] 
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13 J. A person is parachute jumping. During the time between when she 
leapt ow of the phae and when die opem her chutt^ her akkude it 
an equation of die fem 

where cis the base ot natural logarithms, and />. c, and /('arc lonsratus. 
Because ot air resistance, her velocity docs not increase at a steady rate as it 
would for an object falling in vacuum. 

(a) \X hat units would i>, c, and k have to have for the equation to make 
aena^ 

(b/)I%MldiepciM»'s«docii|ili^aaafiincdonofdnie. [Vbu will need «d 
oae die chain rale, and die fin dtat 4i/)ltbc^.\ 

(c) Uk your answer fimm part (b) to get an iniopisiaiion of die comi^ 
(Hhit; r "* appRMcfaa aero fiw laige Tahiei of X.] 

(d/) Find die penon's aoodeBBtion. 4; at a fitnciion of dme. 

(e) Use your answer firom pan (b) to show that if she waits longcnou^ ao 
open her dune, her aooekf atkm will beoome raj smalL 

t 14 S. The top part of the figure shows the position-vcrsus-time graph for an 
object moving in one dimension. On die bottom pact of the figUIC. sketch 

the corrciponding v -vcrsus-t graph. 

15 S. On New Year's Eve, a stupid person Rres a pistol straight up. Ilie 
t bulktleaweiihegnnataqwedof lOOm/s. How long doet it take bcfeic 
ciie ballet hits dw ground? 

16$. Iftheaooekfadooofgpnri^onNfanislBthatonEanluhownianx 
times longer docs it take (bra fockwdiopdie same disoneeon Maitf 

Ignore air resistance. 

l"* s| A honcvbees position as a function of time is given by -v= 1 ()/-/•', 
when. : is in seconds and x in meters. What is its .icceleration at /=.^.0 s? 

18 S. in July 1999, Popular Mechanics carried out tests to find which car 
sold by a major auto maker ODoid cover a quancr mik (402 meters) in the 
shortest time, starting from rest. Because the distance k ao dmit; tfak tjrpe 
of test is designed mainly to tavor the car with the greatest acceleration, nor 
the greatest maximum speed (which is irrelevant to the average person). I he 
winner was the Dodge V iper, with a time of 12.08 s. The car's top (and 
ptoumahljr fkial) speed was 1 18.51 miles per hour (52.98 aJi^. (a) If a ca^ 
starting from rest and moving with renown/ acceleration, covers a quarter 
mile in this time interval, what is its acceleration? (b) >XTiat would be the 
final speed of a car that covered a quarter mik with the constant accelera- 
tion yon fiNud in pwt a? (c) Based oo ike discNpanqr between your anawer 
in part b and the actual fmal speed of the Vipei; idiat do you OOttcklde 
about how tu acceleration changed over time? 
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19 The graph rcpresansdWBiadon of a rolling ball that bounces off of a 
walLWhendoettlieiMlncunitotheloatfionitbadatMH 

20 S. (4 The bdl tt ideased at the top of the lainp tho«m in die figni^ 

Friction is negligible. Use physical ttllfimmg ID dnw i>-t and a-t graphl. 
Assume th.u the bill doesn't bounce at the point where the ramp changes 
slope, (b) I>o the saine tor ihc cue where the ball is rolled up the slope twm 
the right ode, hoc doen^ quiae h««e caoi^ speed ID iihIk h over ife 

21 S. \bu ihnnr a ndriwr ImU up* and h fiiBt and iMNiiioei W¥eni dflM 
Dn«r giB^dit of poMdoo. vdodgil and aoodemiaa at fiincdoiM of 

22 S. Soutiag §ott sen, a beU lolb cioira a lamp, oavclhig a dhianoe £ and 
pidcing up a final speed t>. Hov,' much of the distance did the ball fi.i\ c to 
cover befofcaduevii^ a speed of IBasedonapcobkmbyAniokl 

Arons.] 

23/ ■ 1 he graph shows the acceleration of a chipmunk in a TV canoon. It 
( of two cucubf am and mo line aepnenn* Ai the ddpmiiiililb 
1-3.1 fli/i.VhaiiiiiivelodarttMOa? 



24. find the Qiwr in ifefelloiiinKcripdaoon. AmnkncwMnicofinddbe 

disCMloe traveled by a car that accelerates from rest for 5.0 s with an aood- 
eration of 2.0 m/s'. First he solves a-Av/At for Ar- 1 0 m/s Tht fi lu- 
multiplies to fmd (10 m/s)(5.0 $)»50 m. Do not just reL^culaie the toult 
hf a difleicut iiiciimdt if dnt wm all jfou dkl* joiH have no wqt of knowii^ 

25. Ancdwaiion ooold be dcfl ncd either as Ai/Ar or as the slope of die 
tangent line on the v-t gnipli. Is cither one superior as a definition, or are 
they equivalent? If you say one is better, ffve an example of a situation 
where ic imfcirs a dtflfetenoe which one jfou me. 

26. If an object starts accelerating fiom rest, we have ir-2aAx for its speed 
afierhhasiwwe l eda diUMKig Ak. Explain in wosds why it makes leBee thai 

the equadoohas velocity' <>qiiared. but distance only to the first power. 
Don't recapitulate the derivation in the book, or give a justification based 
oo units. The point is to explain what this fiature of the equation tells us 

tut 




Pioblain2!7. 



27/. The figure shoin a piacdctf. sunple ci^tcnoaem lor dettnnini^ 

high precision. Two steel balls are suspended fiom ekctromagnets, and aie 
released simultaneously when the electric current is shut off. The)' fall 
through unequal heights AX| and A)^. A computer records the sounds 
through a microphone ai fine one baO and then the other Miihes die fltMii; 
From this recording, we can accuott^detennine the quannty rdcfiiu-d as 
'AA/,-A/,. i e . the time I.ii; between the first and second impacts. Note 
that since ihc balls do not make any sound when they are released, we have 
lie way of tiieaaiiraig the faidividoal tinief Ac, and Ar,. (kO find an 
equation for^intemuof ihe measured quantities 71 Av, and Ax%. (h) 
Check the units of your equation, fc) Check th.u vour equation gives the 
correct result in the case where AX|=0. However, is this case realistic? (d) 
\niat happens idien Ax, aAx^ 
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Even as great and skeptical a genius as Galileo was unable to 
make much progress on the causes of motion. It was not until a 
generation later that Isaac Newton (1642-1727) was able to attack 
the problem successtully. In many ways, Newton's personality was 
the opposite of Galileo s Where Galileo agressively publicized his 
Ideas, Newton had to be coaxed by his friends into publishing a t>ook 
on his physical discoveries. Where Galileo's writing had t>een popular 
and dramatic. Newton onginated the stilted, impersonal style that most 
people think is standard for scientific wnting. (Scientific purnals today 
encourage a less ponderous style, and papers are often wntten in the 
first person.) Galileo's talent for arousing animosity among the rich 
and powerful was matched by Newton's skill at making himself a 
popular visitor at court Galileo narrowly escaped being burned at the 
stake, while Newton had the good fonur>e of being on the winning 
side of the revolution that replaced King James II with William and 
Mary of Orange, leading to a lucrative post running the English royal 
mint. 

Newton discovered the relationship between force and motion, 
and revolutionized our view of the universe by showir>g that the same 
physical laws applied to all matter, whether living or r>onliving, on or 
off of our planet's surface His book on force and motion, the 
Mathematical Principles of Natural Philosophy, was uncontradicted 
by experiment for 200 years, but his other main work. Optics, was on 
the wrong track due to his conviction that light was composed of 
Isaac Newton particles rather than waves. Newton was also an avid alchemist, an 

embarrassing fact that modem scientists would like to forget. 

4 Force and Motion 

If I have seen fartfter than others, it is because I have stood on the shoul- 
ders of giants. 

Newton, referring to Galileo 

4.1 Force 

We need only explain changes in motion, not motion itself 

So far you've studied tiic measurement of motion in some detail, but 
not the reasons why a certain object would move in a certain way. This 
chapter deals with the "why" questions. Aristotle's ideas about the causes of 
motion were completely wrong, just like all his other ideas about physical 
science, but it will be instructive to start with them, because the)- amount to 
a road map of modern students' incorrect preconceptions. 

Aristotle thought he needed to explain both why motion occun and 
why motion might change. NcwTon inherited from Galileo the important 
counter-Aristotelian idea that motion needs no explanation, that it is only 
changes in motion that require a physical cau^e. 

Aristotle gave three reasons for motion: 

• Natural motion, such as falling, came from the tendency of objects 
to go to their "natural" place, on the ground, and come to rest. 

• Voluntarj- motion was the tj-pc of motion exhibited by animals, 
which moved because they chose to. 

• Forced motion occurred when an object was acted on by some 
other object that made it move. 




Aristotle said motion had to be caused 
by a force To explain why an arrow 
kept flying after the tx>wstnng was no 
longer pushing on it. he said the air 
rushed around t>ehind the arrow and 
pushed it forward. We know this is 
wrong, because an arrow shot in a 
vacuum chamber does not instantly 
drop to the floor as it leaves the bow. 
Galileo and Newton realized that a 
force would only be needed to change 
the arrow's motion, not to make its 
motKMi continue. 
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"Our eyes receive blue ligtit reflected 
from this painting because Monet 
wanted to represent water with the 
color blue ' This is a valid statement 
at one level of explanation, but physics 
works at the physical level of 
explanation, in which blue light gets 
to your eyes because it is reflected by 
blue pigments in the paint. 



Motion changes due to an interaction between two objects 

In the Aristotelian theory, natural motion and voluntary motion are 
one-sided phenomena: the objca causes its own motion. Forced motion is 
supposed to be a rwo-sidcd phenomenon, because one object imposes its 
"commands" on another. Where Aristotle conceived of some of the phe- 
nomena of motion as one-sided and others as two-sided, Newton realized 
that a change in motion was always a two-sided relationship of a force 
aaing between two physical objeas. 

The one-sided "natural motion" description of falling makes a crucial 
omission. The acceleration of a falling object is not caused by its own 
"natural" tendencies but by an anractive force between it and the planet 
Earth. Moon rocks brought back to our pbnet do not "want" to fly back up 
to the moon because the moon is their "natural" place. They fall to the floor 
when you drop them, just like our homegrown rocks. As we'll discuss in 
more detail later in this course, gravitational forces are simply an attraction 
that occurs between any two physical objeas. Minute gravitational forces 
can even be measured between human-scale objects in the laboratory. 

The idea of natural motion also explains incorrectly why things come to 
rest. A basketball rolling across a beach slows to a stop because it is interaa- 
ing with the sand via a frictional force, not because of its own desire to be at 
rest. If it was on a frictionless sur^e, it would never slow down. Many of 
Aristode's mistakes stemmed from his failure to recognize friaion as a force. 

The concept of voluntary motion is equally flawed. You may have been 
a little uneasy about it from the start, because it assumes a clear distinction 
between living and nonliving things. Today, however, we are used to having 
the human body likened to a complex machine. In the modern world-view, 
the border between the living and the inanimate is a fiizzy no-man's land 
inhabited by viruses, prions, and silicon chips. Furthermore, Aristotle's 
statement that you can take a step forward "because you choose to" inap- 
propriately mixes two levels of explanation. At the physical level of explana- 
tion, the reason your body steps forward is because of a friaional force 
aaing between your foot and the floor. If the floor was covered with a 
puddle of oil, no amount of "choosing to" would enable you to take a 
graceful stride forward. 

Forces can all k>e measured on the same numerical scale 

In the Aristotelian-scholastic tradition, the description of motion as 
natural, voluntary, or forced was only the broadest level of classification, like 
splitting animals into birds, reptiles, mammals, and amphibians. There 
might be thousands of types of motion, each of which would follow its own 
rules. Newton's realization that all changes in motion were caused by two- 
sided interactions made it seem that the phenomena might have more in 
common than had been apparent. In the Newtonian description, there is 
only one cause for a change in motion, which we call force. Forces may be 
of different types, but they all produce changes in motion according to the 
same rules. Any acceleration that can be produced by a magnetic force can 
equally well be produced by an appropriately controlled stream of water. We 
can speak of two forces as being equal if they produce the same change in 
motion when applied in the same situation, which nteans that they pushed 
or pulled equally hard in the same direction. 
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In ttliB txampk potiliv* signs have 
bMn ussd oonslstonliy for fofoss to 

the right, and negative signs for forces 
to the lett The numericai vakie of a 
fMoa canlaa no MkMimffofi iboiit flia 
place on the saxophona whara the 
foiceisappliad. 



The idea of a numeikil acak of ferae and the nemon anh ime 
duoed ia chapter 0. To recapitulace htkBy, a force is when a pair of objects 
piufa or pull on each other, and one ncvvton is the force required to aooeier- 

atc a 1 -kg object from rest to a speed ot 1 mJs in 1 second. 

More than one force on an object 

As if we hadn't kicked poor Aristodc around sui^icicnUy, his theory has 
anoilier impoftant Bam, iMA ii inqiaraat to diiciiM becuiK it cocie> 
sponds to an extremely common student misconception. Aristode con- 
ceived of forced motion as a relationship in which one object was the boss 
and the other "tbilowed orders." It therefore would only make sense tor an 
objea ID eiqiericnoe one feioc at a tinier becaoK an objca oonldift fel^ 
Olden fiom tiro sooraei at onoc: In die Newcoiuan theoiy^ fefoei aie 
numbers, not orders, and if more than one force acts on an ohjca at once, 
the result is tbund by adding up all the torccs. It is unfortunate that the use 
die Eiig|idiwoid%ic(^ hat lieooineituidaid,t)eaniiei» many ^ it 
Mfgens that you are "forcing" an object to do somethingiTlie force of the 
earths gravity cannot "force" a boat to sink, bcc.iiisc there arc other fbiocs 
acting on the boat. Adding them up gives a total ol zero, so the boat 
aoodentci nenlier up nor do«m. 

Objicto CM nifttpfc— on each other at a distance 

Aimoile dechred dutfeaoeioottldoiity act between ob j aci t diat iwcae 

touching, probably because he wished to avoid the type of occult specula- 
tion that attributed physical phenomena to the influence of a distant and 
invisible pantheon of gods. He was wrong, however, as you can observe 
when a niagpiet' lespe ontp yput leli igcnninr or when the planet cardi exerts 
gravitational forces on objects that are in the aic Some types of forces, such 
as friction, only operate between objects in contact, and arc called contact 
Jorca. Magnetism, on the other hand, is an example ot a nomontact force. 
AMioiigh die iiiayifiic fetce ytt itronger adien die magnet h doter to 
jmur icfi%enaoi* touching it not reqiiifed. 

Weight 

In physics, an object's weight . , is defined as the earth <• grn\ itational 
force on it. The SI unit of weight is therefore the Newton, i'eople com- 
monly refer to the Idlogiam ma umt of weight, but the kilogram is a unit of 
mass, not wdghc Note that an object's wei^t is not a fixed proper^ of that 
object. Objects weigh more in some places than in others, depending on die 
local strength ot gravity. It is their mass that always stays the same. A 
barebaU pitcher who can throw a 90-niile-per-hour fastball on earth would 
not be able to throw ai7 fiMcr on the moon, became the balTs ineitia 
would MiD be the same. 

PoaMvt and negaliv* algnt of force 

Well Stan by considering only cases of onc-dimensional ccntcr-of-ma» 
motion in which all the forces are parallel to the direction of motion, i.e. 
eidier ditec^ fernwd or baclcivMl In one dimennon, piM 
sigiu can be used to indicate directions of forces, as shown in the ^Uie. We 
can then refer penerically to addition of forces, rather than h.iving to speak 
sometimes ot addition and sometimes of subtraction. Wc add the forces 
dwwnm the figure and get 11 N. in general, wcdtottUdioow a one- 
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dimensional coordinate system with its x axis parallel the direction of 
motion. Forces that point along the positive x axis are positive, and forces in 
the opposite direction are negative. Forces that arc not directly along the x 
axis cannot be immediately incorporated into this scheme, but that's OK, 
because we're avoiding those cases for now. 

^Discussion questions 

^mBMM In chapter 0, 1 defined 1 N as the force tfiat would accelerate a 1-kg mass from 
^^^^^^^ rest to 1 m/s in 1 s. Anticipating the following section, you might guess that 2 
■■l^H^^I N could be defined as the force that would accelerate the same mass to twice 

the speed, or twice the mass to the same speed. Is there an easier way to 

define 2 N based on the definition of 1 N? 

4.2 Newton's First Law 

Wc arc now prepared to make a more powerful rcsutcmcnt of the 
principle of incnia. 



Newton's First Law 
If the total force on an object is zero, its center of mass 

continues in the same state of motion. 

In other words, an object initially at rest is predicted to remain at rest if the 
total force on it is zero, and an objea in motion remains in motion with the 
same velocity in the same direction. The converse of Newton's first law is 
also true: if we observe an object moving with constant velocity along a 
straight line, then the total force on it must be zero. 

In a future physics course or in another textbook, you may encounter 
the term net force, which is simply a synonym for total force. 

What happens if the total force on an objea is not zero? It accelerates. 
Numerical prediction of the resulting acceleration is the topic of Newton's 
second law, which we'll discuss in the following section. 

Tliis is the first of Newton's three laws of motion. It is not imponant to 
memorize which of Newton's three laws are numbers one, two, and three. If 
a future physics teacher asks you something like, "Which of Newton's laws 
are you thinking of," a perfectly acceptable answer is "The one about 
constant velocity when there's zero total force." The concepts are more 
important than any specific formulation of them. Newton wrote in Latin, 
and I am not aware of any modern textbook that uses a verbatim translation 
of his statement of the laws of motion. Clear writing was not in vogue in 
Newton's day, and he formulated his three laws in terms of a concept now 
called momentum, only later relating it to the concept of force. Nearly all 
modern texts, including this one, start with force and do momentum later. 

Example: an elevator 

Question: An elevator has a weight of 5000 N. Compare the 
forces that the cable must exert to raise it at constant velocity, 
lower it at constant velocity, and just keep it hanging. 
Answer: In all three cases the cable must pull up with a force of 
exactly 5000 N. Most people think you'd need at least a little 
nx>re tt^ 5000 N to make it go up, and a little less than 5000 N 
to let it down, but that's incorrect. Extra force from the cable is 



102 



Chapter 4 Force and Motion 



only nsossflwy fof 8p66(ln9 ttio car up wlwn it starts 9()ing up or 

slowing it down when it finishes going down Decreased force is 
needed to speed the car up when it gets going down and to slow 
tdownwhenKIMihes going up. But when the iliwior Is 

cruising at constant velocity. Newton's first law SSysfhSlyoujUBt 
need to cancel the foioe of the earth's gravity. 

To many students, the statement in the example that the cable's upward 
force "cancels' die eanh's downward graviutional tbrcc implies that there 
hat ben a contest, and the cabfe't fixce has won, vanquishing the eaitlili 
gnntacioaal force and making it disappear. That is iix»rrect. Both ibioes 
continue to exist, but because they ,idd up numcricallv to /ern. the- elevator 
has no cenier-of-mass acceleration. We know that both forces continue to 
oiit bocaiiae dicy IxKfa have aide-cfiiKts odier than dx^ 
cemer-af-aiaM modon. The feroe acting between the cabie and the car 
continues tn produce tension in the cable and keep the cable taut. The 
earths gravitational torcc continues to keep the passengers (whom we arc 
considering as part of the clevator-objcct) stuck to the floor and to produce 
tmeroal ttitan in die walk of the cat; which must hold tip the flooc 

Cnpi^MK nnnKWK J^IOG^ Wr mKing vBlmSa 

Question An object like a feather that is not dense or 
streamlined does not fall with constant acceleration, because air 
iMlslBnoe Is nonnegWgible. In fsot, Ms soostorallon tapsrs off to 
nearly zero within a fraction of a second, and the feather finishes 
dropping at constant speed (known as its terminal velocity). Why 
doe s tfte happen? 

Answer: Newton's first law tells us that the total force on the 
feather must have been reduced to nearly zero after a short time. 
There are two forces acting on the feather: a downward 
gravitational fOrce from the planet earth, and an upward fricOonal 
force from the air. As tf>e feather speeds up. the air friction 
t)ecomes stronger and stronger, and eventually it cancels out the 
sannv gnMBBOfw iDiQ8t so viB isaBisr fusi ooiivw 
constant velocity without speeding up any more 

The situation for a skydiver is exactly anak>gous. It's Just that 
Ihs skydlvBf si^sffsfioas psHMfis a mMonlimss mofs 
gravitational force than the feather, and it is not until she is falling 
very fast that the force of air fnctk)n becontes as strong as the 
yfavmuonai vorus. r ■sns nsrsavsrai saoonos ■> fSBon wiranH 
vaknl^t which is on ttia oidsr of a hindfad inlas par hour. 
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MoTO 0MMfvl oomMiMMons off fevocs 

h is too constraining to ntrictour atmiioa to cases where all the 

forces lie along the line of the center of mass's motion. For one thing, wc 
can't analyze any case of horizontal motion, since any objea on earth will be 
subjea » a wnkd gfavicanoiial Imoe! For 

jfourcwdoimascn^troad. thete aie both horizontal feioet and veftical 

forces. However, the vertical force; have no effect on the center of mass 
motion, because the road's upward Force simply counteracts the eanh's 
downward graviutional fofoe and keeps the car firon sinking into the 

Later in the book well deal with die most general case of many forces 
aoillg on an object at any angles, using the mathematical technique of 
vector addition, but the follow ing slight generalization of NewBOolsfimkw 
allows us to analyze a great many cases oi interest: 

Suppose that an object has two sets ol forces aaing on it, one set along 
die line of the object's initial mocion and another set perpendicular to 
diefim ict» If bod> Mil of fefcc x a n c rit then die <ilijcci!Si cetitrf ofwut 

cUWf|DNf. w csfctssn 

Question If you drive your car into a brick wall, v^hat is the 
mysterious force that slams your face into the steering wheel? 
iMwwar Ybur aurgecn hM M«an physks. 90 she is not going to 
beieve your claim that a mysterious force is to blame. She 
knows that your face was just following (Newton's first law. 
Immediately after your car hit the wall, the only forces acting on 
your head were the same canoeHng-out forces that had existed 
previously: the earth's downward gravitational force and the 
Upward force from your neck. There were no fonward or 
bttckwBRl toioss on youf iMfld^ but ttto CHT (M 4HpMlMiw 
backward force from ttw wal. so V» car skwMd down and your 
face caught up. 

Exampte: a passenger riding the sudn .w 
Question: Describe the forces acting on a person standing in a 
subway train that is cruising at constant vekx%. 
Answer. No force is necessary to keep the person moving 
relative to the ground. He will not be swept to the back of the 
train if the floor is slippery. There are two vertical forces on him. 
the earth's downward gravNatonal force and the ftoor's upward 
force which cancel There are no horizontal foioeaon him at al, 
so of course the total horizontal force is zero. 

Example: forces on a sain>oat 

Qiiestion: If a sailboat is cruising at constant vek)dty with the 
wmo oomtng nom oiieciiy DOrsno n, wnai muBi w 
fMOas acting on if 

Answer: The forces actirvg on the boat must tie canceling each 
other out. The txMt is not sinking or leaping into the air, SO 
evidently tt)e vertical forces are canceling out. The vertical forooa 
are the downward gravitational force exerted by the planet earth 
and an upward force from the water. 

The air is making a fonward force on the sail, and if the boat 
is not aooaiaralinQ horizontaly then the water's twdcwafd 
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tar's txMjyant 

] force on boat 
[ \ water's frictkmal 
' ^ torceonboal 

oartFs gravrtaHonil 
force on boat 



fhctional force must be canceling it out. 

Contrary to Aristotle, more force is not needed in order to 
maintain a higher speed. Zero total force is always needed to 
maintain constant velocity. Consider the following made-up 

numbers: 





boat movins at a 
low, constant 
velocity 


boat mo>'ine at 

o 

a high, constant 
velocity 


forward force of the 

backward force of 
the water on the 
hull 


10.000 N 
-10.000 N 


20,000 N 

-20,000 N 


total force on the 


0 N 


0 N 





The faster boat still has zero total force on it. The forward force 
on It is greater, and the backward force smaller (more negative), 
but that's irrelevant because Newton's first law has to do with the 
total force, not the individual forces. 

This example is quite analogous to the one about terminal 
velocity of falling objects, since there is a frictional force that 
increases with speed. After casting off from the dock and raising 
the sail, the boat will accelerate briefly, and then reach its 
terminal velocity, at wtiich the water's frictional force has become 
as great as the wind's force on the sail. 
Discussion questions 

1^^^^^ A Newton said that objects continue moving if no forces are acting on them. 
^^^^J but his predecessor Aristotle said that a force was necessary to keep an object 
i^tonS movir>g. Why does Anstotle's theory seem nnore plausible, even though we 

now believe it to be wrong? What insight was Anstotle missing atxiut the 

reason why things seem to slow down naturally? 

B. In the first figure, what would have to t>e true atx>ut the saxophone's initial 
motion if the forces shown were to result in continued one-dimensional 
motion? 

C. The second figure requires an ever further generalization of the preceding 
discussion. After studying the forces, what does your physk:al intuition tell you 
will happen? Can you state in words how to generalize the conditions for one- 
dimenstonal motion to include situations like this one? 
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Discussion question B. Discussion question C. 
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4.3 Newton's Second Law 



W'h.it iKuit cases where the total force on an ohjcct is nor rero. so that 
Newtons tim law doesn't apply? The objea will have an acceleration. The 
wjijf wcVe ddiiKil poMOvc snd nc^iuvc ufpt of fiNOC and aoodnuioD 

guanntees that positive forces produce f>o$itivc accelerations, and likewtte 

for negative values. How much acceleration will tr h.iw'r It will dcaify 
depend on botli the object's mass and <>n ihc anmiuu ot force. 

Experiments with any particular object show that its acceleration is 
directly proportional to the total force applied to it. This may seem wrong, 
ance we kmm of maiif ciKi wheic flttiD anouim 
objea «t all, and larg^ forces get it going. This apparent failure of pnipoi^ 
tionalirv- acruallv results from forgetting that there is a frictional force in 
addition to the torce we apply to move the object. The object s acceleration 
ii oEBctly pfopoftKMial to tk fonl feioe on ii^ DOC m Mq^ 
it. In theabaenttoffiicdon,c«aiamytii7feicecand(N*tydia^ 
vdoctty of a very massive object. 

Fxperimcnts also show that the a».selcration is inversely proportional to 
the object's mass, and combining these two proportionalities gives the 
feDowing way of prediaing the teedeuuon of any object: 

Newtons Second Law 
yrbete 

M is an object's mast 

the mm of die fbfoes acdngon h, and 
oil the i c c g l cn i ti o n ofdieobiecA center of maw. 

We are presently restricted to the case wfaeie the fetoes of OMefeBC ase 
paiallel to the direction of motion. 

Example: an acce/erating bus 

QuMtkm: A VW bus with a mass of 2000 kg aocalerates fTOm 0 
to 25 m/s (freeway speed) in 84 1. Assuming tm MCilSlllon iB 

constant, what is the total force on the bus? 

8oiution: We soh/e Newton's second law for F^^ma, and 

wiMllliilo Ai/&/for 4 gMng 

m (2000 kg)(25 m/s - 0 m/s)/(34 s) 
»1^kN . 

AgMNralization 

As with the first law, the second law can be easi^ gcncialiied to include 
a much larger class dI inte resting situations: 

Suppose an object is being aaed on by two sets of forces, one set 
lying along the objeci^s initial diiecdon of motion and another tec 

acting along a perpendicular line. If the forces perpendicular to the 

initial direction of motion cancel out. then the object acneletatee 

along its original line of morion .iccordinp to a*f^^m, 

Tlw ratationship between mass and weight 

Man is different from weight, but they're related. An apple's mass tdls 
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A simple douUe-pen balance works by 
comparing the weight forces exerted 
by the Mith on ttw ooments (rf the two 



the same location on the earth's 
surface, the value of g is essentially 
the same for each one, and aquilly 
of weight tt)«r«for« also linpIlM 
•quality of ( 



III faonv haid it k m dMoge in modim. Ift isdglK measaitt the 

the graviutional attraction between the ipple and the planet earth. The 

apple's weight is less on the moon, but its mass is the Mmc. Astronauts 
assembling the International Space Station in zero gtavtqr cannot just pitch 
masuve modules back and (brdi with their bare hand^ the modulet are 

yfk have ahcadf aeen the experimental evidence Tim when wei^ (the 

force of the earth's gpaviqr) is the only force acting on aacllject, its accelera- 
tion equals the constant ^. and depends on where you are on the stirt.u c of 
the canh, but not on the ina&& of the object. Applying Ncwtuns secunil law 
d>en sBows m to ralnihir the maputode of the ^wmxaooA foice on any 
o b ycc t inwtmsof Msmtsi 

(The equation only gwes Ac magninide. ix. tfaesbsoluaevakie. of /%> 

bccau&c we're defining ^ as a posimc iMimbcr, SO it cqoab the dbsohite value 
of a idling object's acceleration.) 

Example: calculating terminal velocity 
Question: Experiments show that the force of air friction on a 
Mbigobiectsuchasaskytfverorafeather can be 
approximated fairly well with the equation \FJ-q>A\?. where G\A 
a constant, p is the density of the air, A is the cross-sectior^ 
aiM of itw <ib)6Gl as sMii ftom balOMiL and Kfathaofefacfa 

velocity. Predict the object's terminal ^BtocHy, La. tis final 

velocity it reaches alter a long turw. 

SoMlon: Aalha ol))act aocalefHiee, its greatsr I'vaiiaea ^ 

upward force of the air to increase until finally the gravitational 
force and the force of air tnction cancel out, after which the 
00)001 oonanuea ai consiani wocay. wa cnoooa a ooonanaia 
system in which positive is up. so that tfie gravitational force is 
negative and the force of air friction is poaiiiva. Vite want to find 
the velocity at which 

= 0 .La. 



cpAv"^- mg=. 
Solving for ogives 

mg 



It is important to get into the habit of intefpreUng equations. These two self- 
checK questions may be difficult tor you, but eventualy you vmH get used to this 




(a) Interpret the eqiiatirri i;^^^^ = , m p / c p /4 in the case of p=0 

(b) How would the terminal velocily of a 4-cm steel t>aJl compare to that of a 1- 
ombal? 



(a) The case of p=0 represents an object falling in a vacuum, i.e. there is no density o( air The terminal velocity 
would be infinite. Physically, we know that an object falling in a vacuum would never stop sp ee d i ng up. smoe there 
wouWbanofoioaflf atrMoHontocsnMllhafoioaotgnN^i (b)Tlia44RitieltMuMliavaaaMMlMIWMQnaMr 
tyatMlDraf4»trti,butKsciosseecloi>slaiaawoi*lliagwiMw 

gmlirbyafHkirof V4^^ -2. 
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X (m) 


t{s) 


10 


1.84 


20 


2.86 


30 


3.80 


nU 


A /i7 
n.O/ 


50 


5.53 


60 


6.38 


70 


7.23 


80 


8.10 


90 


8.96 


100 


9.83 



Discussion questions 

A Show that the Newton can be reexpressed in terms of the three basic mks 
units as the combination kg m/s^. 

B. What is wrong with the following statements? 
1 "g is the force of gravity." 

2. "Mass is a measure of how much space something takes up.* 

C. Criticize the folk>wing irKorrect statement: 
"If an object is at rest and the total force on it is zero, it stays at rest. 
There can also be cases where an object is moving and keeps on nrwving 
without having any total force on it. but that can onty happ>en when there's 
no friction, like in outer space." 

D. The table on tf>e left gives laser timing data for Ben Johnson's 100 m dash 
at the 1987 World Championship in Rome. (His work! record was later revoked 
because he tested positive for sterokls.) How does the total force on him 
change over the duration of the race? 



Discussion question 0. 

4.4 What Force Is Not 



Violin teachers have to endure their beginning students' screeching. A 
frown appears on the woodwind teachers face as she watches her student 
take a breath with an expansion of his ribcage but none in his belly. What 
makes physics teachers cringe is their students' verbal statements about 
forces. Below I have listed several dicta about what force is not. 

Force Is not a property of one object. 

A great many of students' incorrca descriptioiu of forces could be cured 
by keeping in mind that a force is an interaction of two objects, not a 
property of one object. 

Incorrect Statement. "That magnet has a lot of force." 
X if the magnet is one millimeter away from a steel ball bearing, 
they may exert a very strong attraction on each other, but if they 
were a meter apart, the force would be virtually undetectable. 
The magnet's strength can be rated using certain electrical units 
(ampere-meters^), taut not in units of force. 

Force is not a measure of an object's motion. 

If force is not a property of a single object, then it cannot be used as a 
measure of the object's motion. 

Incorrect statement The freight train rumbled down the tracks 
with awesome force." 

X Force is not a measure of motion. If the freight train collides 
with a stalled cement truck, then some awesome forces will 
occur, but if it hits a fly the force will be small. 

Force is not energy. 

T^ere are two main approaches to undersunding the motion of objects, 
one based on force and one on a different concept, called energy. The SI 
unit of energy is the Joule, but you are probably more familiar with the 
calorie, used for measuring food's energy, and the kilowatt-hour, the unit 
the electric company uses for billing you. Physics students' previous famil- 
iarity with calories and kilowan-hours is matched by their universal unfa- 
miliariry with measuring forces in units of Ncwtons, but the precise opera- 
tional definitions of the energy concepts arc more complex than those of the 
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force concepts, and textbooks, including this one. almost universally place 
the force description of physics before the energy description. During the 
long period after the introduction of force and before the careful definition 
of energy, students arc therefore vulnerable to situations in which, without 
realizing it, they are imputing the properties of energy to phenomena of 
force. 

Incorrect Statement: "How can my chair be making an upward 
force on my rear end? It has no power!" 
A Power is a concept related to energy, e.g. 100-watt lightbulb 
uses up 100 joules per second of energy. When you sit in a chair, 
no energy is used up, so forces can exist t)etween you and the 
chair without any need for a source of power. 
Force is not stored or used up. 

Because energy can be stored and used up, people think force also can 
be stored or used up. 

Incorrect Statement: 'W you don't fill up your tank with gas, you'll 
ain out of force." 

X Energy is what you'll njn out of, not force. 
Forces need not tie exerted by living things or machines. 

Tramforming energy from one form into another usually requires some 
kind of living or mechanical mechanism. The concept is not applicable to 
forces, which are an interaction between objects, not a thing to be trans- 
ferred or transtormcd. 

IfKorrect statement: 'HcfH can a wooden bench t>e making an 
upward force on my rear end? It doesn't have any springs or 
anything inside it." 

/ No springs or other internal mechanisms are required. If the 
bench didn't make any force on you, you would obey Newton's 
second law and fall through it. Evidently it does make a force on 
you! 

A force is the direct cause of a change in motion. 

I can click a remote control to make my garage door change from being 
at rest to being in motion. My finger's force on the button, however, was 
not the force that acted on the door. When we speak of a force on an object 
in physics, we arc talking about a force that acts directly. Similarly, when 
you pull a reluctant dog along by its leash, the leash and the dog arc making 
forces on each other, not your hand and the dog. The dog is not even 
touching your hand. 

Self-Check 

\ Which of the following things can be correctly described in terms of force? 
/\ (a) A nuclear submanne is charging ahead at full steam. 
^^^^^1 (b) A nuclear submarine's propellers spin in the water. 

(c) A nuclear submarine needs to refuel its reactor penodically. 

Discussion questions 

A Criticize the following incorrect statement: 'If you shove a book across a 
table, friction takes away more and more of its force, until finally it stops ' 
B You hit a tennis bail against a wall. Explain any and all incorrect ideas in the 
following descnption of the physics involved: "The ball gets some force from 
you when you hit it. and when it hits the wall, it loses part of that force, so it 
doesn't bounce back as fast. The muscles in your ami are the only things that 
a force can come from." 

(a) This is motion, not force, (b) This Is a description of how the sub is at)<e to get the water to produce a forward 
force on it. (c) The sub runs out of energy, not force. 
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4.5 Inertial and Noninertial Frames of Reference 



One day, you rc driving down the street in your pickup truck, on yoiu' 
way to deliver a bowling ball. The ball is in the back of the truck, enjoying 
its little jaunt and taking in the fresh air and sunshine. Then you have to 
slow down because a stop sign is coming up. As you brake, you glance in 
your rearvicw mirror, and see your trusty companion accelerating toward 
you. Did some mmerious force push it forward? No, it only seems that way 
because you and the car are slowing down. The ball is faithfully obeying 
Newton's first law, and as it continues at constant velocity it gets ahead 
relative to the slowing truck. No forces arc acting on it (other than the same 
canceling-out vertical forces that were always acting on it). The ball only 
appeared to violate Newton's first law because there was something wrong 
with your frame of reference, which was based on the truck. 

How, then, arc we to tell in which frames of reference Newton's laws are 
valid? It's no good to say that wc should avoid moving frames of reference, 
because there is no such thing as absolute rest or absolute motion. All 
frames can be considered as being either at rest or in motion. According to 







■ t 



(a) In a frame of reference that moves with 
the truck, the bowting ball appears to violate 
Newton's first law by accelerating despite 
having no honzontal forces on it. 



(b) In an inertial frarrw of reference, which the surface of the earth 
approxin\ately is, the bowling ball obeys Newton's first law. It 
moves equal distances in equal time inten/als, i.e. maintains 
constant velocity. In this fran>e of reference, it is the truck that 
appears to have a change in vekxtty, which n^akes sense, since 
the road is making a horizontal force on it. 
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an observer in India, the strip mall that constituted the frame of reference in 
panel (b) of the figure was moving along with the eanh's rotation at hun- 
dreds of miles per hour. 

The reason why Newton's laws (ul in the trucks frame of reference is 
not because the truck is movitif^ but because it is accelmting. (Recall that 
physicists use the word to refer either to speeding up or slowing down.) 
Newton's laws were working just fine in the moving truck's frame of 
reference as long as the truck was moving at constant velocity. It was only 
when its speed changed that there was a problem. How, then, are we to tell 
which frames are accelerating and which are not? What if you claim that 
your truck is not accelerating, and the sidewalk, the asphalt, and the Burger 
King are accelerating? The way to settle such a dispute is to examine the 
motion of some object, such as the bowling ball, which we know has zero 
total force on it. Any frame of reference in which the ball appears to obey 
Newton's first law is then a valid frame of reference, and to an observer in 
that frame, Mr. Newton assures us that all the other objects in the universe 
will obey his laws of motion, not just the ball. 

Valid frames of reference, in which Newton's laws arc obeyed, are called 
inertial frames of reference. Frames of reference that are not inertial are called 
noninertial frames. In those frames, objects violate the principle of inertia 
and Newton's first law. While the truck was moving at consunt velocity, 
both it and the sidewalk were valid inertial frames. The truck became an 
invalid frame of reference when it began changing its velocity. 

You usually assume the ground under your feet is a perfectly inertial 
frame of reference, and we made that assumption above. It isn't perfectly 
inertial, however. Its motion through space is quite complicated, being 
composed of a pan due to the earth's daily rotation around its own axis, the 
monthly wobble of the planet caused by the moon's gravity, and the rota- 
tion of the earth around the sun. Since the accelerations involved are 
numerically small, the earth is approximately a valid inertial frame. 

Noninertial frames are avoided whenever possible, and we will seldom, 
if ever, have occasion to use them in this course. Sometimes, however, a 
nonincrrial frame can be convenient. Naval gunners, for instance, get all 
their data from radars, human eyeballs, and other detection systems that are 
moving along with the earth's surface. Since their guns have ranges of many 
miles, the small discrepancies between their shells' actual accelerations and 
the accelerations predicted by Newton's .second law can have effects that 
accumulate and become significant. In order to kill the people they want to 
kill, they have to add small corrections onto the eqtution ''=F^^lm. Doing 
their calculations in an inertial fiame would allow them to use the usual 
form of Newton's second law, but they would have to convert all their data 
into a different frame of reference, which would require cumbersome 
calculations. 

Discussion question 

If an object has a linear >/graph in a certain inerbal frame, what is the effect 
0*^ the graph if we change to a coordinate system with a different ongin? What 
IS trte effect if we keep the same ohgm but reverse the positive direction of the 
jraxts? How atx>ut an inertial frame moving alongside the object? What if we 
descnt>e the object's motion in a r>oninertiai frame? 
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Summary 



SelBClBd Vocabulary 

weight the torce ut gravity on an object, equal tu mg 

inerdal frame a frame of reference that is not accelerating, one in which h4ewton's fint 

low it true 

Bomncitifll fiiiiiCa««M...m»M an soodEmuig (imh c of icfiBraoCt in wfaidi Ncmoijii fine \m m violiusd 
T^mtnolofiy Ustd In SontB OfftBtBooks 

net lone anodier wqr of sqring "uKal force" 

Notation 

Fy„ „„-. the weight force 

Summa/y 

Newton's first law of motion states that if al the forces on an object cancel each other out. then the object 
oonlinues in the same state of motion. Thisisessenialyainowwlnadvwilon<rfOBMoo1apiln^^ 
inertia, which dM not refer to a numerical scale of force. 

Newton's second law of motion allows the prediction of an object's acceleration given its mass and the 
total iorce on it, £^F^m. This is only the one-dimenstonal verskwi of the law; the fuU^ree dinrtensional 
iMlnMnt wtt oonw nowDltr 8u Vtoclon. VM^^ 

remains unchanged by indudinQ an a dtlBonal«6totv8ClorotNtc«npal « B^ ^ 

not in the direction of motion 

Newton's laws of motion are only true in frames oi reference that are rwt accelerating, known as inertial 
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Homework Problems 




1. An object is observed to be moving at constant speed in a certain direc- 
tion. Can you conclude that no forces are acting on iti Explain. [Based on a 
probiem by Serway and Faugh n ] 

2. A cat IS normally capable ot an acceleration ot 3 m/s~. If it is towing a 
owler widi hatf at mnch nan « the car hidC «^ aooekf^^ 
adiievt? [Based on a pcobkm fiom PSSC PlijfBa.] 

5. ^/)Let rbc the maximum tension diat die elevaior'i cable can with- 
stand without breaking, i.e. the maximum force it cm exert. If the motor is 
programmed to give the car an acceleration a, what is the maximum mass 
dttt die car can haw^inclodingpasscugcrt.ifdie cable b not CO biealtf (b) 
Intequa die equation you derived in the qwdal caiei of 4ft4) and of a 



4^ . A hdicopter of mass m is taking off venically. The only forces aaing 
on it arc the earth's gravitational force and the force. F . of the air pushing 
up on the propeller blades, (a) It helicopter litis otf at /=0, what is its 
imtical ipeed at tune 0 (b) fhag nomben into your equation fiom pan a. 
OM^ a».2300 i7^.27000 N, and M.0 c. 

5*. Indie 1964 Olynipio in lU^o. die bcKmea'«bigii)unipwaa 2.18 

m. Four years later in Mexico (!ity. the gold medal in the same e\'ent was 
for a jump of 2.24 m. Because ot Mexico C^it^ 's altitude (24()0 m), the 
acceleration ot gravity there is lower than that in Tokyo by about 0.0 1 m/s~. 
Siqipoae a higb-jufliper has a maa of 72 

(a) GMnpaie his mass and ^fdgbr in die nwo locations. 

(b/) Assume that hen able to jump widi die aune initial vertical velocity 
in both locations, and that all other condidonaaieiiie same caoept for 
gpmqr. How much higber should he be able m jump in Medoo Gijr? 

(Actually, the reason for the big change b tt W UUi *64 and '6B was the 

introduction of the "Fosburyflop.'') 

6 //. A blimp is initially at rest, hovering, when at /=0 the pilot turns on 
the motor of the propeller. The motor cannot iiuuntly get the propeller 
going, but the piopcller speeds up steadily. The steadily increasing feioe 
bumxu the air and the propeller is given by the equation J^Jkt, where i^isa 
constant. If the ma<;s of the hlimp is m. find its position .is a function of 
time. CAssutnc that during the period of time you're dealing with, the blimp 
is nocyct moving fine enough to cause ti^pdficantbadcwaid force due to 



7S. Acar isaooelentingferwaBdahNigastiaightRMd. If the Ibiae of the 

road on the car's wheels, pushing it forward, is a constant 3.0 kN, and the 
car's mass is 1000 kg, then how loi^ will the car take to go fiom 20 m/s to 

50m/s? 



S A solution is given in the back of the book. A difBcult problem. 

/ A compuaeriied answer check is available. / A ptoblem diat lequiies calculus. 
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S. Some gudenshean are like a pair ofsdssofK one diaq> blade dm 

another. In the 'anviP typt . however, j sharp blade pcenes against a flttooe 
rather than going past it. A gardening book says that for people who ate HOC 
vciy physically strong the anvil type can nuke it easier to cut tough 
bandm^ b eo wMC it conoeiimm die font on one wde. Ewihutt dusdaim 
baied oo Newton s laws. [Hinc CooaderdiefiMoeiaGdiigoadiebiiancii. 
and die modoo of die blanch.] 

9< A unniiun atom deep in the earth spits out an alpha particle. An alpha 
parade is a fragment of an atom. I his alpha particle has initial speed v. and 
tnvdt a distance d before stopping in the earth, (i) f ind the torcc, f, that 
acttd on die pankk, in lennt of 4^ and in niaai, IK. Don'k ^ig in any 
numbers yet. Assume that the force was fionmnr. (b) Show that your 
an-wer has the right units, (c) Discuss how your answer to part a depends 
on all three variables, and show that it makes sense, (d) Evaluate your result 
for M-6.7kl0^ b^ i»>2.0k10* kni/s» and dUtJl mm. 
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Motion in Three Dimensions 




Ptioto by Clarence White, ca 1903. 



6 Newton's Laws in Ttiree 
Dimensions 

6.1 Forces Have No Perpendicular Effects 

Suppose you could shooi a rifle and arrange for a second bulla to be 
dropped from the same height at the exact moment when the first left the 
barrel. Which would hit the ground first? Nearly everyone expects that the 
dropped bullet will reach the dirt first, and Aristotle would have agreed. 
Aristotle would have described it like this. The shot bullet receives some 
forced motion from the gun. It travels forward for a split second, slowing 

Section 6.1 Forces Have No Perpendicular Effects 118 



material 



doim npidlf becnv (heie it no longer anjr fiiioe a> I 

modon. Once it is done with its forced morion, it changes to nntural 
morion, i.e. falling straiglu down. While the shot bullet is slowing down, 
the dropped bullet gets on with the business of falling, so according to 
AiiittMle hwiUhkilieyoundfiiK. 

Luddlf, nmmkdtncimfllkanduAamdcih^ 
jmunelf that Aristode't ideas were wroi^ and nerSnAf camp l eit stand up 
nonrand try this experiment. Take %-our keys out of your pocket, and b^ia 
walking briskly fiorwaid. Without speeding up or slowing down, release 
four Ib^pi and ktdiaB 61 wUfefoaoondnue walking at the anK pace 

Yott liavc found diat tout keys hit the ground right next to your feet. 
Hicir homontd motion nevnriloiwl down at aUt and dnt^AMkiinBdi^ 

were dropping, they were right next to yon The horizontal motion andtiK 
vertical motion happen at the same time, and they arc independent of each 
Other. Your experiment proves that the horizontal motion is unaffected bf 
dictRERiGal niotHin, Irat V$ abo tnw Att die vuutal inutiwi ii nocdun^pd 

in any way by the horizont.il motion The keys rake exact!)' the same 
amount of time ro per ro chc ground xs thc\- would have if you simply 
dropped them, ojid liie same ts true of the bullets: both bullets hit the 
yputtd MBBuhanfiwHljt 

lliGK have been our fint cnunplei of motion in move than one dimstt* 
•ion* and they illustrate the most important new idea that is required to 



Forces have no perpendicular effects. 
When a fimx actt on an objsct it haa no cfiea CO the 
pan of the ob^'a modoa ifaax is pefpeBdioihr to the 

felloe. 



In the examples above, the vertical torce of gravity had no cHect on the 
horiaontal madoos of die obpecn. Theae woe examples of projectik 
modon, which interested people like Galileo [K\.iuse of its miliary appUci* 
doitt. The pnocipk is moie fenctai tlian tliat. howevo: Iw ini^^ 



lit 
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rolling ball is initially heading straight For a wall, but a steady wind begins 
blowing from the side, the ball docs not take any longer to get to the wall. 
In the case of projectile motion, the force involved is gravity, so we can say 
more specifically that the vertical acceleration is 9.8 m/s-, regardless of the 
horizontal motion. 

Relationship to relative motion 

These concepts arc directly related to the idea that motion is relative. 
Galileo's opponents argued that the earth could not possibly be rotating as 
he claimed, because then if you jumped straight up in the air you wouldn't 
be able to come down in the same place. Their argument was based on their 
incorrect Aristotelian assumption that once the force of gravity began to act 
on you and bring you back down, your horizontal motion would stop. In 
the correct Newtonian theory, the earth's downward gravitational force is 
acting before, during, and after your jump, but has no effect on your 
motion in the perpendicular (horizontal) direcrion. 

If Aristode had been correa, then we would have a handy way to 
determine absolute motion and absolute rest: jump straight up in the air, 
and if you land back where you staned, the surface from which you jumped 
must have been in a state of rest. In reality, this test gives the same result as 
long as the surface under you is an inerrial frame. If you try this in a jet 
plane, you land back on the same spot on the deck from which you staned, 
regardless of whether the plane is flying at 500 miles per hour or parked on 
the runway. The method would in fact only be good for detecting whether 
the plane was accelerating. 

Discussion Questions 

A The following is an incorrect explanation of a fact about target shooting: 
"Shooting a high-powered rifle with a high muzzle velocity is different from 
shooting a less powedul gun. With a less powerful gun. you have to aim 
quite a bit above your target, but with a more powerful one you don't have 
to aim so high because the bullet doesn't drop as fast." 
Wtiat is the correct explanation? £k 



B. You have thrown a rock, arxj it is ftying through the air in an arc. If tf>e 
earth's gravitational force on it is always straight down, why doesn't it just go 
straight down once it leaves your harxj? 

C. Consider the example of the bullet that is dropped at the same moment 
another bullet is fired from a gun. What would the motion of the two bullets look 
like to a jet pik>t flying alongside in the same direction as the shot bullet and at 
the same horizontal speed? 
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6.2 Coordinates and Components 



"Cmmrn'mtU 



<Jimi Hendfix 

Ho«r do fKoonvmdieK ideas into n wrfwiBM i ci? n>c 6ffut bdow 
ihoHt • good wqr of connecting the intuitive ideas to tfaenumben. In 



dimension, wc impose a numlx-r line with an .x- coordin.itc- on a certain 
stretch of space. In two dimcmiom, we imagine a gtid ot squares which we 
label with x iody values. 




y 



This object experiences a force Ihal pufis it 
down loiward the bottom oi the page. In each 
oqmI ttna InlHwri, RmoMw Vwm unte to 

the right At the same time, its vertical mo- 
tion IS making a simple pattern of -^1, 0, -1, 
-2. -3. -4, ... units. Its motion can bo do> 
•oribed by an jroooftlnate that hae aro 
calaraMon and a ycoofdlnats wNli comlani 
lOceleraticn. The arrows labeled .rand / 
•aive to explain that we are doTining incraaa- 





But of couiK modon doemV icalty occur in a Miies of discrete hofw fike 

in ckess or checkers. The figure on the left show^ a way of conceptualizing 
the smooth variation of the xand v coordinates. Fhi ball s shadow on the 
wall moves along a line, and wc describe its position with a single coordi- 
nate, /, its height above the floor. The wall shadow has a constant acodena- 
tkm of —9.8 m/s*. A shadow on the floor, made bjr a second light source, 
also moves along a Une. and WC describe in motion with an xcooidaiafev 
measured iirom the wall. 

The velocirv' of rhc fl<Hir shad<nv i<i referred lo .is tfie v cfitnfotjnit of die 
velocity, written v^. Smuiarly wc can nutate liic acccieratiun ot the tloor 
ihadair as Since 9, is oofMant. 4^ 11 acta 



iias«-»9^m/i?. 



I the earth s gravitational fiwoe on the baB is acting along tiie jr 
t say lint die liuoe haf a nqgaiive jr ooniponeiii. ixit 

The general idea is ibat we imagine two obscrs crs. each of whom 
perceives the entire universe as if it was flattened down to a single line. The 
^observer, for instance, perceives v , and and will inlcr that there is a 
F , acting dowimaid on the bafa. That is, ajr component raeani the 
aspect nt p'nsical phenomenon, such as vchxiqii acceleration, or fbeoe, 
dut is observable to someone who can only see motion along the y axis. 

All of this can easily he pcncrali/cd to three dimensions. In the example 
above, there could be a «-obscrvcr who only sees motion toward or away 
fiom die bade waK of the loom. 
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Example: a car going over a cliff 

Question: The police find a car at a distance w=2^ m from the 
base of a cirff of height /tlOO m. How fast was the car going 
when it went over the edge? Solve the problem symbolically first, 
then plug in the numbers. 

Solution: Let's choose ^pointing up and -rp>ointing away from 
the cliff. The car's vertical motion was independent of its honzon- 
tal motion, so we know it had a constant vertical acceleration of 
i»=-p=-9.8 m/s^. The time it spent in the air is therefore related to 
the vertical distance it fell by the constant-acceleration equation 

#2 



or 




Solving for A /gives 

• 

Since the vertical force had no effect on the car's horizontal 
motion, it had a=0, i.e. constant horizontal velocity. We can 
apply the constant-velocity equation 

y -AX 

i.e. 

* A/ • 

We now substitute for A /to find 



A parabola can be defined as the 
shape made by cutting a cone paral- 
lel to its side A parabola is also the 
graph of an equation of tt>e form 




2h 

9 ' 

which simplifies to 
9 

2h ■ 

Plugging in numbers, we find that the car's speed when it went 
over the edge was 4 m/s. or about 10 mi/hr. 

Projectiles move along parabolas 

What type of mathematical curve docs a projectile follow through 
space? To find out, we must relate x to y, eliminating t. The reasoning is very 
similar to that used in the example above. Arbitrarily choosing x=y^t=0 to 
be at the top of the arc. wc conveniently have x=Ax,yAy, and /=Ar, so 

y - - \a / 
X - vj 

We solve the second equation for t^x/v^ and eliminate / in the first equa- 
tion: 



Each ,", jto' ; ' i,'. . : . 
raboia. The (aster drops' parat>olas 
are bigger. 



Since everything in this eqiution is a cortstant except for x and y, we 
conclude that y is proportional to the square of x. As you may or may not 
recall from a math class, yofx' describes a parabola. 
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ilonOuMtfon 

A At the beginning of this section I represented e -notion of a projectile on 
graph papof, brvaking its motion into «qual time inte(vai&. Suppoee instead 
Swi ttisn Is no fum on ttw flb)Kt M tti. R obiyB NmpIoi^ flrat iMf md 



continues without changirvg its state of motion What would the corresponding 
gfaph-paper diagram look like? If the time interval represented tiy each arrow 
WW 1 Moondk IwwwoUUyM isMtottw Qrapti'^pflpcf dtaQwiitolhwilod^ 
cx)fnpQnwilB i^wid k7 

B. Msto up MVBial (ilfMnil ooonlMto syslMiM orisnlMl In dHtannl wyi^ 
and dMorfto ttw ^ and ^ of • MfeiQ ol)|M>t hi Mch om. 



6.3 Newton's Laws in Three Dimensions 

It it now fridjr iiwulMfeiwiid to c MCD d Ncwionli bnra to thnc dimcn- 

DK 

Newton's Pint Law 

If all three cnmponrnrs of tlie tot.il force on an obfOCt UC lOO^ then h 
will continue in the same state ot motioa. 

Newtons Second Law 

An object's acccleratiDn cumpuncnti arc prcdictc*] by the equations 

a ^ F ,1m . 

Newton's Thbd Law 

If two objects A and R interact via foroei,diientliiecoinpooen»ofthdr 
fiuoet on each other arc equal and oppodtt: 









D tin Aj 











lao ClMplMr6 NiwIoiftLamninTliiMDInMnaions 



Copyrighted material 



Example: forces in perpendicular directions on the same object 
'direction Question: An object is initially at rest. Two constant forces begin 

of rtxjtion acting on it, and continue acting on it for a wtiile. As suggested 

by the two arrows, the forces are perpendicular, and the nght- 
ward force is stronger. What happens? 
Answer: Aristotle believed, and many students still do, that only 
one force can "give orders" to an object at one time. They 
therefore think that the object will begin speeding up and moving 
in the direction of the stronger force. In fact the object will move 
along a diagonal. In the example shown in the figure, the object 
will respond to the large rightward force with a large acceleration 
component to the right, and the small upward force will give it a 
small acceleration component upward. The stronger force does 
not overwhelm the weaker force, or have any effect on the 
upward motion at all. The force components simply add together: 

= 0 

^y. total- ^1,/ + ^2,y 

Discussion Question 

T -3 figure shows two trajectones. made by splicing together lines and circular 
c:r cs. wtiich are unphysical for an object that is only being acted on by gravity. 
Prove that they are impossible based on Newton's laws. 
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Summary 



Se/ected Vocabulary 

component du part of a veloci^, acceleration, or tbrcc that would be perceptible to an 

obaover who (»dd oalf aee ifae oancne projected along a oeti^ 
dimensional axis 

BMihcBMi ifri curve wlioK ^nph Ins jr [umwi i hiiwiI to 

Notatton 

x,y, z an ofajea s positions along the x, y, and z axes 

v^t^^v^ diex;>aiidx ooiiifwiieiiiiofanc4>iecAvdocfay;ilienttsofciiai^ 

the object's A', V. and z coordinates 
the v, v. and z components of an objcas acoelaadoa; the rates of change 

oi V ,v , and v 

Summary 

A force does not produce any effect on the motion of an object in a peroend cular drrectron The most 
important application of tftis pnndple is that the horizontal motion of a projectile has zero acceleration, while 

indipsndsnL The SIC of s prajwjMB is a psnbclB. 

Motion in three dimensions is measured using three coordinates, x. y and ^' Each of these coordinates 
has its own corresponding vetocify arxt aooeleration. We say tfwt the velocity and acceleration both have ji;/. 
and 2* components 

Newton's second law is readily extended to three diniensions t)y rewriting it as three equHions p ie d fcl i ng 
ttw HwM ooinponenls of the MoeleMioni 

and Kkewiae for the first and third laws. 
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Homework Problems 



W. (a) A hall is thrown stTai|PK ivith vdodqr ». Find in eq|iittioii fiir 
die height to which it rises. 

(b) GeuBiaBK your e(|aation (or a bdl duQvra tt an an^ 

i(NMal.mirfikhcMeiitiiu«yfdodiyfl(ini^^ 

one. 

2. At the Salinas Lettuce Festival Parade, Miss Lettuce of 1996 drops her 

bouquet while riding on a float. (Compare the shape of it!S traicctory* as 
seen by her to tlie shape seen by one of her admirm standing on the 

3 . Two daradevik, ^Pbidf and BiU. go om Niagara Fdk ^Rbidf dts m 
an inner tube, and lets the 30 ktn/hr velocity of the ri«er dilow her out 

horizontally over the falls. Bill paddles a kayjk. uldinp an extra Id km/hr 
to his velocity. They gp over the edge of the falls at the same moment, side 
by side. Ignore air fricoon. Explain your irawMiing 

(a) Who hits the botmB fintf 

(b) VC'hat is the hori7nnraI component of Wendy's vdodt)' on impact? 

(c) What is the horizontal component of Bill's velocity on impact? 

(d) Who is going faster on impact? 

4/. A baseball pitcher throws a pitch clocked at i'^=73 J mi/h. He throws 
honjoniaUy. By what siwwiiiti 4I, does ibe bil drop by the tune k wadici 
home plate, 1=60.0 ft away? (a) Htst find a sjfmbolic annaar in mns of L, 

r , and g. (b) Plug in and find a numerical answer. Express your answer in 
units of ft. [Note: 1 ftsl2 in, 1 mi- 3280 ft, and 1 in-2.54 cm] 




L-flOjOt 



5 S. A cannon '^t.inding on a flat field fires a cannonball with a muzzle 
velocity v, at an angle ti above horizontaL The cannonball thus initially has 
velodty components wwp ooa 0 and »*9 nn 9. 

(a) Show that the cannons range (horizontal diMan(.e to where the cm* 

iMMibaii fidh) is ghwn by the equation i? ■ ^'^ . 

(b) lB » ct|> i c ty o ui equation in the cases of 0"O and ft"9y» 



S A aohldon is given in the back of the book. A difficult problem. 

/ A coinp Mtwi i c d a nswer diedt is awiiiabi c i i ApralilenitiiatioqniRaadcidos> 
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6 j. Assuming chc result of the prcviom prubkm fo€ the range of a pnifeO' 
tUci?" &"^cos9 ^ jifl^yiiiat the inariniuin range It for 6-45°. 

7. IVm can go the nme bump in die road* Mariaf^ Masend at 25 
miles per hour and PaHc's Porsche at 37. Hem many times greater is the 
vetdcal acceleration of the Porsche? Hint: Remember that Kw lcr.uitin 
depends both on how much the velocity changes and on how much time 
it calces to change. 
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Rockets work by pushing exhaust gases out 
the back. Newton's third taw says that i( the 
rocket exerts a backward force on the gases, 
the gases must make an equal forward force 
on the rocket Rocket engines can (unction 
atx>ve the atmosphere, unlike propellers and 
)ets, which work by pushing against the sur- 
rounding air. 



5 Analysis of Forces 

5.1 Newton's Third Law 

Newton created the modern concept ot force starting from his insight 
that all the effects that govern motion are interactions between two objects: 
unlike the Aristotelian theory. Newtonian physics has no phenomena in 
which an object changes its own motion. 

Is one object always the "order-giver" and the other the "order-fol- 
lower"? As an example, consider a barter hitting a baseball. The bat defi- 
nitely exens a large force on the ball, because the ball accelerates drastically. 
But if you have ever hit a baseball, you also know that the ball makes a force 
on the bat — often with painful results if your technique is as bad as mine! 

How docs the ball's force on the bat compare with the bat's force on the 
ball? The bat's acceleration Ls not as spectacular as the ball's, bur maybe we 
shouldn't expect it to be, since the bat's mass is much greater. In fact, careful 
measurements of both objects' masses and accelerations would show that 
'"hiii^hji "*^^'>' to ~"'h«''iw' ^h'ch suggests that the ball's force 

on the bat is of the same magnitude as the bat's force on the ball, but in the 
opposite direaion. 
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(a) Two magnets exert (orces on each 
OHwr. 




(b) Two peopie't Iwndt «NMt fofon 
on MKSh o0wr. 



The Rgiua show two wmewLit moa piactkal kbotatory cxpctimenn 
for ifaig uwie accuCTidr «nd without mo much imafet e u oe 

fioin CKonuieous feiccSt 

In rhc firsr experiment, a larj^c matinct nid a small magnet are weighed 
sq>arately. and then one nu^et is hung f rom the pan o( the top balance so 
that it is diiectly above die other magnet. There is an attraaion between the 
two tnagtiets, canrii^ the leadif^oo the cop teak m increase and the 

reading on the bottom scale to decrease. The large magnet is more "poiwrer" 
fill" in the sense that it can pick up a heavier paperclip from the same 
distance, so many people have a strong expectation that one scales reading 
wiU dunge bf a fiv diAfott ainoum than die otho; lonad* we find dM 
the two dmtgs are equal m OUgnitude but opposite in direction, so the 
upward force of the top magnet on the bottom magnet is ot the same 
magnitude as the downward force ot the bottom magnet on the cup mag- 
net. 

In the second experiment, two people pull on two spring scales, Re^Rid' 
kasof who tries to pull harder, the two forces as nneMiied on the spring 
scales are equal. Interposing the rvvo spring scales is necessary in order to 
measure the forces, but the outcome is not some artificial result of the 
scales' intetaciioBi with each other. If one penon sfatps another haid on the 
hand, the ahppei'a hand hurts just as much as the slappee s, aiMl it docHilk 
matter if rhc recipient of the slap tries to be inactive. (Punching someone in 
the mouth causes just as much force on the fist as on the lips. It's jusi that 
the lips are more delicate. The forces are equal, but not die levekof pain 
and injotjr.) 

Newton, after obaerving a series of results such as these, deckkd that 
there must be a fiindamenal law of nature at wodc 



Newton's Third Law 
Forces occur in equal and opposite pairs: whenever 
obiect A csEcm a force on ob^ B, obfect B nuHt abo 
be a force on object A. The two forces are 

eqpial in magputnde and oppodre in diiecdon. 

In one«dunenaional cituanow, we can use pim and minus aigps to indicaic 
the directions of fofcei, and Newton's diiid law can be written ncdncityai 

There is no cause and effect relationship between the two forces. There 
is no "original" force, and neither one is a response to the other. The pair of 
forces is a relarionship, like marriage, not a badc-and-fefth piocen like a 
tennis match. Newton came up with the third law as a generalization about 
all the types of fortes with which he was familiar, such as friction.il and 
gravitational forces. When later physicists discovered a new type force, such 
as the force that hoUs atomic nudd together, theyhadtodiedcwiiedicrii 
ob^ed Newtonfs thiid law. So fiur, no violation of the third law has ever 
been discovered, whereas the first and second laws were shown to have 
limitations by ILinstein and the pioneers of atomic physics. 
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Newton's third law does not mean that 
forces always cancel out so that noth- 
ing can ever nnove if these two figure 
skaters, inrtially at rest, push against 
each other, they will both nriove. 



The English vocabulary for describing forces is unfortunately rooted in 
Aristotclianism, and often implies incorrectly that forces are one-way 
relationships. It is unfonunate that a half-truth such as "the table exerts an 
upward force on the book" is so easily expressed, while a more complete and 
correct description ends up sounding awkward or strange: "the table and the 
book interaa via a force," or "the table and book participate in a force." 

To students, it often sounds as though Newton's third law implies 
nothing could ever change its motion, since the two equal and opposite 
forces would always cancel. The two forces, however, arc always on two 
different objects, so it doesn't make sense to add them in the first place — 
we only add forces that arc acting on the same object. If two objects are 
interacting via a force and no other forces arc involved, then both objects 
will accelerate — in opposite directions! 



It doesn't make sense for the man to 
talk about the woman's money can- 
celing out his bar tab. t>ecause there 
is no good reason to combine his 
debts and her assets. Similarly, it 
doesn't make sense to refer to the 
equal and opposite forces of Newton's 
third law as carKeling It only makes 
sense to add up forces that are acting 
on the same ob)ect, whereas two 
forces related to each other by 
Newton's third law are always acting 
on two different ob\ecx& 
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A imiMiioiilc for mIhq Nswlon^ IMrI Imv oofVMtly 

Mnemonics arc tricks for memorizing things For inMJiKc. the musical 
notes that lie hcrwrt-n rhc lines on the treble clef spell the word FAC£> 
which is easy to remember. Many people use the mnemonic 
"SOHCAHTOA' to ranember ihe defioiikNii of tiie ri^ 
tangent in trigonometry. I have 1117 own modest offering, IHDFOsi llU, 
which I hope will m.ikc it into the mnemonics hall of fame. It s a way to 
avoid some of the most common problems with applying Newton's third 
law correctly: 

Pair of 
Opposite 
Forces 
Of the 
Same 

Type 

Involving 

Two 

Objects 

Question: A book is lying on a table. What force is the Ncv.ion's- 
third-law partner of the earth's gravitational force on the book? 
A nwmr Newrton's third law works Tike "B on A. A on B," so th» 
partner must be the book's gravitational force pulling upward on 
the planet earth. Yes. there is such a forcal No, it dOM not cauM 
the earth to do anything notk^eatMe. 
Incorract answer: The table's upward force on the book la Vie 
Newton's-tNitMaw paitnar of tha aaitti'a gmvilalional foioa on 
the book. 

jrTWaa iww w r ^lolaiBatiiiiooutoflhiaaofttia c ommaiidWa ^ 

POFOSTITO. The forces are not of the same type because tt>e 
tat)ie's upward force on the book is not gravitational. Also, three 
oMacti nro inMinHiatf iniltnJ ol Im Iho boolc. Itw inMn, nnri Ihn 
planet eaith. 

Quaatlon: A person Is pushing a t>ox up a ItW. What toioa la 
related by Newton's third law to the person^a foioe on the box? 
Answer: The box's force on the person. 
Incorrect answer: The person's force on the box is opposed by 
fricOon. and also by gravity. 

XThis answer fails all three parts of the POFOSTITO test the 
most obvious of which is that three forces are referred to instead 
ofapeir. 
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Optional Topic: Newton's third law and action at a distance 

Newton's third law is completely symmetric in the sense that neither 
force constitutes a delayed response to the other. Newton's third law 
does not even mention time, and the forces are supposed to agree 
at any given instant. This creates an interesting situation when it 
comes to noncontact forces. Suppose two people are holding 
magnets, and when one person waves or wiggles her magnet, the 
other person feels an effect on his. In this way they can send signals 
to each other from opposite sides of a wall, and if Newton's third law 
is correct, it would seem that the signals are transmitted instantly, 
with no time lag. The signals are indeed transmitted quite quickly, 
but experiments with electronically controlled magnets show that the 
signals do not leap the gap instantly: they travel at the same speed 
as light, which is an extremely high speed but not an infinite one. 

Is this a contradiction to Newton's third law? Not really. According to 
current theories, there are no true noncontact forces. Action at a 
distance does not exist. Although it appears that the wiggling of one 
magnet affects the other with no need for anything to be in contact 
with anything, what really happens is that wiggling a magnet un- 
leashes a shower of tiny particles called photons. The magnet 
shoves the photons out with a kick, and receives a kick in return, in 
strict obedience to Newton's third law. The photons fly out in all 
directions, and the ones that hit the other magnet then interact with 
it, again obeying Newton's third law. 

Photons are nothing exotic, really. Light is made of photons, but our 
eyes receive such huge numbers of photons that we do not perceive 
them individually. The photons you would make by wiggling a 
magnet with your hand would be of a "color" that you cannot see. far 
off the red end of the rainbow. Book 6 in this series describes the 
evidence for the photon model of light. 

Discussion questions 

A When you fire a gun, the exploding gases push outward in all directtons. 
causing the bullet to accelerate down the barrel. What third-law pairs are 
involved? (Hint; Renr»ember that the gases themselves are an object.] 

B. Tarn Anh grabs Sarah by the hand and tnes to pull her She tries to remain 
standing without moving. A student analyzes the situation as follows. "It Tarn 
Anh's force on Sarah is greater than her force on him. he can get her to move. 
Otherwise, she'll be able to stay where she is.' What's wrong with this analy- 
sis? 

C. You hit a tennis ball against a wall. Explain any and all incorrect Ideas in the 
following description of the physics invotved: "According to Newton's third law. 
there has to be a force opposite to your force on the ball. The opposite force is 
the txall's mass, which resists acceleration, and also air resistance.* 



Section 5.1 Newton's Third Law 



129 



5.2 Classification and Behavior of Forces 




One ot (he most basic and important tasks of physics is to classify the 
forces of nature. I have already referred informally to "types" of forces such 
as friaion, magnetism, gravitational forces, and so on. Classification 
systems arc creations of the human mind, so there is always some degree of 
arbitrariness in them. For one thing, the level of detail that is appropriate 
for a classification system depends on what you're trying to find out. Some 
linguists, the "lumpers," like to emphasize the similarities among languages, 
and a few extremists have even tried to find signs of similarities between 
words in languages as different as English and Chinese, lumping the world's 
languages into only a few large groups. Other linguists, the "splitters," 
might be more interested in studying the differences in pronunciation 
between English speakers in New York and Connecticut. The spliners call 
the lumpers sloppy, but the lumpers say that science isn't worthwhile unless 
it can find broad, simple patterns within the seemingly complex universe. 

Scientific classification systems are also usually compromises between 
praaicality and naturalness. An example is the question of how to classify 
flowering plants. Most people think that biological classification is about 
discovering new species, naming them, and classif}'ing them in the class- 
order-family-genus-species system according to guidelines set long ago. In 
reality, the whole system is in a constant state of flux and controversy. One 
very practical way of classifying flowering plants is according to whether 
their petals are separate or joined into a tube or cone — the criterion is so 
clear that it can be applied to a plant seen from across the street. But here 
practicality conflicts with naturalness. For instance, the begonia has separate 
petals and the pumpkin has joined petals, but they are so similar in so many 
other ways that they are usually placed within the same order. Some taxono- 
mists have come up with classification criteria that they claim correspond 
more naturally to the apparent relationships among plants, without having 
to make sf>ecial exceptions, but these may be far less practical, requiring for 
instance the examination of pollen grains under an electron microscope. 

In physics, there are two main systems of classification for forces. At this 
point in the course, you arc going to learn one that is very practical and easy 
to use, and that splits the forces up into a relatively large number of types: 
seven very common ones that we'll discuss explicitly in this chapter, plus 
perhaps ten less important ones such as surface tension, which we will not 
bother with right now. 

Professional ph)'sicists, however, are almost all obsessed with finding 
simple patterns, so recognizing as many as fifteen or twenty types of forces 
strikes them as distasteful and overly complex. Since about the year 1900, 
physics has been on an aggressive program to discover ways in which these 
many seemingly different types of forces arise from a smaller number of 
fundamental ones. For instance, when you press your hands together, the 
force that keeps them from passing through each other may seem to have 
nothing to do with electricit)', but at the atomic level, it actually docs arise 
from electrical repulsion between atoms. By about 1 950, all the forces of 
nature had been explained as arising from four fundamental types of forces 
at the atomic and nuclear level, and the lumping-together process didn't 
stop there. By the 1960's the length of the list had been reduced to three. 
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and some theorists even believe that they may be able to reduce it to two or 
one. Although the unification of the forces of nature is one of the most 
beautiful and important achievements of physics, it makes much more sense 
to start this course with the more practical and easy system of classification. 
The unified system of four forces will be one of the highlights of the end of 
your introductory physics sequence. 

The practical classification scheme which concerns us now can be laid 
out in the form of the tree shown below. The most specific types of forces 
are shown at the tips of the branches, and it is these types of forces that are 
referred to in the POFOSTITO mnemonic. For example, electrical and 
magnetic forces belong to the same general group, but Newton's third law 
would never relate an electrical force to a magnetic force. 

The broadest distinction is that between contaa and noncontaa forces, 
which has been discussed in the previous chapter. Among the contaa forces, 
we distinguish between those that involve solids only and those that have to 
do with fluids, a term used in physics to include both gases and liquids. The 
terms "repulsive," "attractive," and "oblique" refer to the directions of the 
forces. 

• Repulsive forces are those that tend to push the two participating 
objects away from each other. More specifically, a repulsive contact 
force acts perpendicular to the surfaces at which the two objects 
touch, and a repulsive nonconua force acts along the line between 
the two objects. 

• Attraaivc forces pull the two objects toward one another, i.e. they act 
along the same line as repulsive forces, but in the opposite direction. 

• Oblique forces are those that aa at some other angle. 
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friction 




forces 
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fluid 
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It ihottU not be neocHaiy to monorize duB diagi^ by RNe. k b 
to idnfeioe your memory of this system by calling to mind your 
commonscnsc knowledge (if certain ordinan.' phenomena For instance, wc 
know that the gnviutional attraction between us and the planet eanh will 
3£t even ifottftemomenttri^kwc Ac ground, and that iWion^ 
magttcn have mass and are afibcced hf gravh)^ moK objccti diat Iiawe mam 
arenonnuipietic. 

This diagram is meant to be as simple as possible while including mott 
of the forces we deal with in ever>'day life. U vou were an insect, you would 
be mucii more uiterested in the force ut i>uf Uce tension, which allowed you 
to walk on watec I havt not indiided die nudear foices, wUch are itipoin- 
able for holding die niiddofaii)att.becMMdM7aieiioc evident in 
evcr)'day life. 

You should not be afraid to invent your own names for rApes of forces 
dut do not tit into the diagram. For instance, the force that holds a piece of 
tape to the wall hai been left ofiTof die ttett and if you were analyzing a 
aitiiarion iwrohrm scotch ta|)e» yoo iwdd be abaoiiMidy ng^ to lefcr to it 
I7 sonie oonunooseose name such as *sdclqr fbcoe.* 

On the other hand, if you are having trouble classifying a certain force, 
you should also consider whether it is .1 force at all. For instance, if someone 
asks you to classify the force chat die earth has because of its roution, you 
would ham gieatdtfficuiqrcieanngttplaoelbr it oothedi«gpun.lWs 
because iifk a type o£ motion, not a qrpe of finred 

NCMIIMI flOIQSB 

A normal force, F^, is a force that keeps one solid object from pa&sing 
through another. "Normal" is simply a ^cy word for "perpendicular," 
meaiting ifaat the fiKce is perpendkular to die ituftoe of aMuaa. Intuidi^ 
It seems the normal hnx magjcalljr adjusts itsdf to pfovide whaiescr fenx is 
needed to keep the objects from occupying the same space. If your muscles 
press your iiands together gcndy, there is a g^nde normal force. Press harder, 
and the notmal feroe gets stronger, How does die normal foax know how 
Strang m b^ The answer is that the harder you jam yoiu* hands togptfaei; 
the more compressed your flesh becomes. Your flesh is acting like a spring: 
more force is required to compress it more. The same is true when you push 
on a wall. The wall flexes impcfcqjtibiy in proportion toyouribtoeoniLlf 
you eacrtedcnoiqib fecioe. wmdd it be possible for two oltjects to pass 
through each other? No, typically die sesuk is sampljr to stiain the objects so 
much that one of them breaks. 

Gravitational forces 

As we'll discuss in more detail later in the course, a gravitational force 
enai between any two tfaingt that have mass. In evtiydiy life, the gravita- 
tional force b c nw atu two cars or two people is n^ligible, so the only 
norire.ible gravitational forces are the ones between the earth .uid various 
human-scale objects. Wc refer to these planet-earth-mduccd graviutionai 
fctoei as wei|^t faces, and ai we hate abeady seen, dieifinagiiinidris 
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A model that correctly explains many 
properties of fnction. The microscope 
bumps and holes in two surfaces dig 
into each other, causing a fr>ctional 
force. 




Static fnction: the tray doesn't slip on 
the waiter's fingers 




J 



V6V 



Static and kinetic friction 

If you have pushed a refrigerator across a Idtchen floor, you have fell a 
cenain series of sensations. Ai first, you gradually increased your force on 
the refrigerator, but it didn't move. Firully, you supplied enough force ro 
unstick the fridge, and there was a sudden jerk as the fridge started moving. 
Once the fridge is unstuck, yxtu can reduce your force significantly and still 
keep it moving. 

While you were gradually increasing your force, the floors frictional 
force on the fridge increased in response. The two forces on the fridge 
canceled, and the fridge didn't accelerate. How did the floor know how to 
respond with just the right amount oi force? The figures on the left show 
one possible model of fi-iction that explains this behavior. (A scientific model 
is a description that we expect to be incomplete, approximate, or unrealistic 
in some ways, but that ne\'crthclcss succeeds in explaining a variety of 
phenomena.) Figure (a) shows a microscopic view of the tiny bumps and 
holes in the suffices of the floor and the refrigerator. The weight of the 
fridge presses the two surfaces together, and some of the bumps in one 
surface will settle as deeply as possible into some of the holes in the other 
surface. In figure (b), your leftward force on the fridge has caused it to ride 
up a little higher on the bump in the floor labeled with a small arrow. Still 
more force is needed to get the fridge over the bump and allow it to start 
moving. Of course, this is occurring simultaneously at millioiu of places on 
the two surfaces. 

Once you had gonen the fridge moving at coiuunt speed, you found 
that you needed to exert less force on it. Since zero total force is needed to 
make an object move with constant velocity, the floor's righrward frictional 
force on the fridge has apparently decreased somewhat, making it easier for 
you to cancel it out. Our model also gives a plausible explanation for this 
faa: xs the surfaces slide past each other, they don't have time to setdc down 
and mesh with one another, so there is less friction. 

Even though this model is intuitively appealing and fairly successful, it 
should not be taken too seriously, and in some situations it is misleading. 
For instance, fanq>' racing bikes these days arc made with smooth tires that 
have no tread — contrary to what wed expect from our model, this docs 
not cause any decrease in friction. Machinists know that two very smooth 
and clean metal surfaces may stick to each other firmly and be very difficult 
to slide apart. This cannot be explained in our model, but makes more sense 
in ternu of a model in which friction is described as arising from chemical 
bonds between the atoms of the two surfaces at their points of contact: very 
flat surfaces allow more atoms to come in contact. 

Since friction changes its behavior dramatically once the surfiaces come 
unstuck, we define two separate types of frictional forces. Static friction is 
friction that occurs between surfaces that are not slipping over each other. 
Slipping surfaces experience kinetic friction. "Kinetic" means having to do 
with motion. The forces of sutic and kinetic friction, notated F and f!, are 

t k 

alwaw parallel to the surface of contaa between the two objects. 



Kinetic fnction: the car skids. 
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1. Whe-^ a baseba l player slides m to a base, is the frictton static, or kire'.ic"' 

2. A mattress Stays on me root of a skMriy aooalwaling cat: Is ttw 
orMnaac? 

& DoM flUHo fMhin opmIb IimC? MmIo Moion? 



The maximum po<isibIc tone of st.uic friction depends on w li.u kinds of 
surtjce^ they ju:c, and also on how hard tiicy arc being pressed together. The 
approaamaie nmhanaticJ idariomhips can be <Kpitned a» folkwm 

where |l, is a iinitless number, called the coctFicicnt of sutic friction, which 
dqtcnds on what kind* of wuiaoa tfaqr are. The mwimnm fenoe Aat ■aric 
AkdoQ OHl supply. ^ J/\|< represents the boundary between static and 
kinetic friction. It depends on the norma! f(>rce. which is numerically equal 
to whatever force is pressing the tMo surtace<> together. In terms of our 
moddf if the two w i ili t c s are ben^ pRMd togcdicr niore Gaufy, a gicaicf 
sideways force will be lequircd in order w> mahe the itwyibritka in the 
wrfam tide up and over each otfact. 

Note fh.it just because we use .in .uljcctis e such .is ".ipplicd" to refer toa 
force, that doesn't mean that there is some special type of force called the 
'tffUkd foice." The applied ferae could be any type of fecce, or it oould be 
die sunt of nioce diaii one fcioe tijnn^ ID flMke iD object inove. 

The feice of Idnetic fitictkui on eadi of die two objects is in die (fiteo- 
tk» that resists the pipage of the sntftcWi Itsmapdtndeisnwial^wefl 
appratiinated as 

where 11^ is the coefficient of kinetic fiieiion. Kinetic friction is umaDsr mote 
or less iodependem of vekxi^ 



Wte Ghoooo a coordkiata ^fstam in 
waon ne appno roics, im. me loree 
tying to move the objects, is positive. 
Tha friction ioice is then negative. 



you ncease the applied force, the 
force of static friction increases to 
match it and cancel it out. until ttie 
maMmumfoioa of Sialic Mdion is sur- 
pBSsad Tits aurfaoas than begin slip- 
ping past each other, and tf>e friction 
force becomes smaller in atooiute 



applied 




two surfaces are moving relative to the landscape, the/re not s ipping over each other (3) Onty kinetic friction 
creates heat, as wtien you rub your fwids together. If you nrave your harKis up and down togetfier without sliding 
r. no liaal la oniduoad bif tha t 
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Can a fnctwaltwtuf l iwiiitrtanoimrtlDiBtff Cin«Wclonalfci» 
without a nonmlfMM? 




Iffoatn- to jccclcrate or decelerate foor car IDOI|Dicid>', the ibnes 

between vour whccU and the road become too great, and thcv begin 
slipping. I his is nut good, because kinetic triciion is weaker than &utic 
fiictioa. Nsulting in \m oomoL Abo. if thb 

the Cir ■ handling changes abruptly because the kinetic ff ioion fixoe ii in a 

different direction than the static friction force had been: contrarv' to the 
car's direction of motion, rather than contrary to the ibices applied to the 



Most people respond with disbelief when told of the aperimental 



of the amount of surface area in contact. Even after doing a hands-on 
exercise with 'ipring scales to show that it is true, many students are unwill- 
ing to believe their own observations, and insist that bigg^ tires give more 
traction." In Sm^, the inain reaaoo w i yy c m ^lonld DOC want to put anafl 
diet oo a big bony car ii diat ^ ciRiiimild bam! 

Althm^ maof people expect that friction «NNiU be pwpo n io n al to 
surface area, such a proportionality would make predictions contrary to 
many everyday observations. A dog's feet, lor example, have very litde 
stufitt area in ooiuaa with die gpoiind atapaied •» a boDMuA feet, a^ 
fiv loMiw that a do|( CMi oAen inn a otg^)fwtf wnb a pewML 

The leaaon wfajr a smaler ntfioe aiea does not lead CO lew fiicdon b 
diat the force between the two surfaces is more conceotnued, cauangthctf 
tnimpi and holes to dig into each other more deep^ 



hn ction waeioocancefMiny wai»awonnBiio«c>,aincoooiaiwia>«noci«eypi<^ ^nctloo^^ 

not poM>liwBlwi<awoiiwilitaca^howiii<Rii>cwaa>tili 1(0111 #l^^^u^^ e.g. wNto 
•Mno doM) • vopo you dB not grt any Molon unlna you flii|p ttw npn> 
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1 . the diff s normal 

force on the 2. the track's static fric- 3. the bairs normal 

climber's feet tional force on the wheel force on the t)at 



Self-Check 

Find the direction of each of the forces in the figure atxjve. 

Fluid friction 

Try to drive a nail into a waterfall and you will be confronted with the 
main difference between solid friction and fluid friaion. Fluid friction is 
purely kinetic; there is no static fluid friction. The nail in the waterfall may 
tend to get dragged along by the water flowing past it, but it does not stick 
in the water. The same is true for gases such as air: recall thai we are using 
the word "fluid" to include both gases and liquids. 

Unlike solid kinetic friction, the force of fluid friaion increases rapidly 
with velocit)'. In many cases, the force is approximately proportional to the 
square of the velocity, 

where A is the cross-sectional area of the object, p is the densit>' of the fluid, 
and r is a constant of proportionalit)' that depends partly on the type of 
fluid and panly on how streamlined the object is. 

Discussion questions 

MM^M A A student states that when he tries to push his refrigerator, the reason it 
^^^HH won't move is tjecause Newton's third law says there's an equal and opposite 
^^^^^ frictional force pushing back After all, the static fnction force is equal and 
opposite to the applied force. How would you convince him he is wrong? 
B Kinetic fnction is usually more or less independent of vekx:ity. However, 
inexpenenced dnvers tend to produce a jerk at the last moment of deceleration 
when they stop at a stop light What does this tell you about the kinetic friction 
between the brake shoes and the brake drums? 




^ (1) Normal torces are always perp€nd^cular lo the surtace of contact. wMicn means ngnt or lett in tnis figure Normal 
vQ/ torces are repulsive, so the cliff s force on the feet is lo the nght, 1 e . away from the clitf. (2) Fnctional forces are 
always parallel to ttie surface of contact, which means right or left In this figure Static frictional forces are in the 
direction that would tend to keep the surfaces from slipping over each other If the wheel was going to slip, its 
surface would t>e moving to the left, so the static frictional force on the wheel must be in the direction that would 
prevent this, i.e., to the nght. This makes sense, because it is the static fnctional force that accelerates the 
dragster. (3) Nomial forces are always perpendicular to the surface of contact. In this diagram, that nf>eans either 
up and to the left or down and to the nght. Normal forces are reulslve, so the ball is pushing the t>at away from 
itself. Therefore the ball's force is down and to the right on this diagram. 
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c. scMiw Of nw HMMMno ara conwi OBMnpvons w lypw 

In Mktod on as new branches of the classrf»catk>n tree Others are not really 
typos of forces, and still others are ncA force phenomena at all. In each case, 
decide what's going on, and ■ ■ppwpiiMi. llgum out ttow you «iouhl inooipo- 
rate them into the tree. 
titckftomB - rniloM laps Mick to IhingB 

opportto iaroo the force thil N aiitort ^ tiWiww i ii p wIrtw to oweiyl^^ 

you make 

opMlnatnieo flio Iwrio Ifni —iwr riilM Mil M ■■ > Inwn mi nC n hnon 

surface tension lets insects walk on water 
honzontal force a force that is horizontal 

motor force the force that a motor makes on the thing it is turning 

canceled toioo... ateioelhatiebelngcinoaledoutbyaomeotoerfofM 

5.3 Analysis of Forces 

^LV^^^^— ^^_JR^ ^5^^_ .AaK.J ^^B^^^j^ki^l B^^—^— .^^H^i^B A^U^ ^^k^kI A^m^ 

nKwuoni nnc ano mohm aen wnn me Rmi «■ an me nmei 

exerted on a specific object. M it is vc r\ imporouK to be able ID 6g|UIC ottt 
what forces there ,ire Once you h.i\e tdvused sour ;utention OA OOe object 
and listed the forces on it. it is also hclptul to describe all the oomsponding 
forces that must exist according to Newton's third farw, Wc ider to this as 
"analTzii^ the fbraa* b lehidi the objea peiDc^MU. 

A barge is being pulM along a cand by tMTO of htxMt on ttto thtira^ 

barge participates. 

fore* acting on barga forea related to it by Newton's third law 

Rifiaa^ flonwanl ntmvnl foioaa on baiga baiga^badtiMHtlnoniwIfofDaonfopaa 

water's backward fluid frict'or force on baige barge's forward fluid friction force on water 

planet earth's downward gravitational fbioa on t>arge barge's upward gravitational force on earth 
VMlaflft upwMUtl ^RosBn^ foaoa on bwga baigatedownMMMl'VtMllntr^McaMiwilif 

Har» rva uaatl the woivl 'tloetf ncT fofoe as an exarnpto of a aenribto inm^ 

classified on ttie tiae in tie previous section. A more fom^al technical iMm would ba "hydrostatic force." 
Note how the pairs of forces are all structured as "A's force on B. B's force on A': ropes on barge and barge 
on ropes; water on barge and barge on water. Because all the forces in the left column are foroea acting on 
the barge, all the forces in the rigmoolijmnaiaflofoaabaingaaiartailbyfltobaiga,tNMoh towhyaachanliy^ 
the ooturon bagina witli tMiga." 

Olten you nay be unsure whether you have torgpttcn one ot the forces. 
Here aie tluce stntc^et fer diecidng your Gk: 

(l)Sce what physical result would come from the forces you've found so 
fiu. Suppose, for Instance, that you'd forgotten the "floadng" fefoe on die 

barge in the exiimple abovC: Looking ar the force; you'd found, you would 
have found that there was a downward gravitational force on the barge 
which was not canceled by any upward force. The bai^ isn't supposed to 
wikt M yiM loMiw yvw fwed n> filid a finifilit ti|Nniil fcfocL 

CO Another wrhniqiiif fee finding missing feices if aaaplyeo go 
tbroq^ die IIr of aU die oooMnoQ qrpes of fbtoet and see if any of them 

apply. 

(3) Make a drawing of the object, and draw a dashed boundary line 
aioiind it dm sqNuates it from iu environment. Look for points on the 
bw ti ndar ywb e te other obfeatctwtoe Mi ctwia cf twdiyDiir object. TTiit 
strategy guarantees thai you'll find emy ooaaa feloe diat acts oo (he 
object, although it won't bd|> yov w find noii-«ooiaa ibicet. 
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The following is another example in which we can profit by checking 
against our physical intuition for what should be happening. 

Example 

As shown in the figure below, Cindy is rappeiiing down a cliff. Her downward motion is at constant speed, and 
she takes little hops off of the cliff, as shown by the dashed line. Analyze the forces in which she participates 
at a moment when her feet are on the cliff and she is pushing off. 



force acting on Cindy 

planet earth's downward gravitational force on Cindy 
ropes upward frictional force on Cindy (her hand) 
cliff's rightward normal force on Cindy 



force related to It by Newton's third law 

Cindy's upward gravitational force on earth 
Cindy's downward frictional force on the rope 
Cindy's leftward normal force on the cliff 



The two vertical forces cancel, which is what they should be doing if she is to go down at a constant rate. The 
only horizontal force on her is the cliff's force, which is not canceled by any other force, and which therefore 
will produce an acceleration of Cindy to the right. This makes sense, since she is hopping off. (This solution is 
a little oversimplified, because the rope is slanting, so it also applies a small leftward force to Cindy. As she 
flies out to the right, the slant of the rope will increase, pulling her back in more strongly.) 

I believe that constructing the type of table described in this section is 
the best method for beginning students. Most textbooks, however, prescribe 
a pictorial way of showing all the forces acting on an object. Such a picture 
is called a free-body diagram. It should not be a big problem if a future 
physics professor expects you to be able to draw such diagrams, because the 
conceptual reasoning is the same. You simply draw a picture of the objea. 
with arrows representing the forces that arc acting on it. Arrows represent- 
ing contact forces arc drawn from the point of contact, noncontact forces 
from the center of mass. Free-body diagrams do not show the equal and 
opposite forces exerted by the object itself. 

Discussion questions 

A In the example of the barge going down the canal, I referred to a "floating* 
or hydrostatic* force that keeps the boat from sinking. If you were adding a 
r'.ew branch on the force-classification tree to represent this force, where would 
it go? 

B A pool ball is rebounding from the side of the pool table. Analyze the forces 
in which the ball participates dunng the short time when it is in contact with the 
side of the table. 

C. The earth's gravitational force on you. i.e. your weight, is always equal to 
mg. where m \% your mass. So why can you get a shovel to go deeper into the 
ground by jumping onto it? Just t)ecause you're jumping, that doesn I mean 
your mass or weight is any greater, does it? 






Discussion question C. 
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5,4 Transmission of Forces by Low-Mass Objects 

You're walking your dog Tlic dog w ants to go Kistt r than vou do, and 
the leash is taut. Does Newton s third law guarantee that }'our force on your 
end of the leash is equal and opposite to the dogs force on its end? If tfac/ie 

not eoKilir e«iial» is < 

— 1% 
equnf 

If there was no k-.ish between you, and you were in direa contacts 
the dog, then Neu rons third law would jpplv. but Newton's third law 
cannot relate your force on the leash to the dog's force on the leash, because 
that WDald imoke three aqtinte objeca. Newtooa ifainl law only says that 
your £oKK oo the leaili is equal and oppo d ie co the Imfa's fistce on ytm, 

F m~F 

sod dwc the dofi'k fiifoc on dw kssh is cqiul nd opposiic to itsfonxontfae 

F^.-F^ . 

SdO, we have a strong 

on our end of the leash is transmitted to the dog, and vicc-vcrsa. \X'e cin 
analy/c the sitiution by concentrating on the forces that act on the leash, 
and F^. According to Ncwtons second law, these relate to the leash's 



The Iculi IS fitf less humhvc thai ai^ of die odisf o bn o s iiUHiiwd> and 
ifiH^ is fOf small, then apparendjrdienMalfinceondielaidiisalsovefy 
small, 4 « 0, and diadbte 

Thus cwnihoiq|iNa*nM&diiidk«r does not ipptydiraafyudiGse 

two forces, wc can appmvimatc the low-mass leash as if it was not interven- 
ing between you and the dog. It's at least approximately as if you and the 
dog 1MR acting direcdy on cMil ndio; in ti^kli erne NewnoV di^ 



In genessL la>«*^inass obfecB can be tieamd appndniasclf as if ihejr 

simply transmitted forces from one object to another. This can be true for 
strif^ topes, and cords, and also for rigid objects such as rods and sticks. 

If vou look at a piece of string under a magnifi-ing glass as you pull on 
the ends more and more strongly, you will sec the fibers straightening and 
beoomiqg ouc DiflEerem pim of die soing are apparenify cmiiiiqS fe^^ 



If we imagine dMdmQ a taut rope Mp into 



L ^ — ^ < f *1 > < r I ^ forces pulHng outward on it at eacfi end. 

\ I ^ \ > ^ \ * If tfw rope is of negligibie mass, dien li 



Ihe loraee equal -i^T or -T. wtNmT, Ihn 
leraion, is • einolo number. 
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on each other. For instance, if we think of the rwo halves of the string as 
two objects, then each half is exerting a force on the other half If we 
imagine the string as consisting of many small parts, then each segment is 
transmitting a force to the next segment, and if the string has very little 
mass, then all the forces are equal in magnitude. We refer to the magnitude 
of the forces as the tension in the string, T. Although the tension is mea- 
sured in units of Newtons. it is not itself a force. There are many forces 
within the string, some in one direction and some in the other direction, 
and their magnitudes are only approximately equal. The concept of tension 
only makes sense as a general, approximate statement of how big all the 
forces are. 

If a rope goes over a pulley or around some other objca, then the 
tension throughout the rope is approximately equal so long as there is not 
too much friction. A rod or stick can be treated in much the same way as a 
string, but it is possible to have either compression or tension. 

Since tension is not a type of force, the force exerted by a rope on some 
other object must be of some definite type such as sutic friction, kinetic 
friaion, or a normal force. If you hold your dog's leash with your hand 
through the loop, then the force exerted by the leash on your hand is a 
normal force: it is the force that keeps the leash from occupying the same 
space as your hand. If you grasp a plain end of a rope, then the force 
between the rope and your hand is a frictional force. 

A more complex example of transmission of forces is the way a car 
accelerates. Many people would describe the car's engine as making the 
force that accelerates the car, but the engine is part of the car, so that's 
impossible: objects can't make forces on themselves. >XTiat really happens is 
that the engine's force is transmitted through the transmission to the axles, 
then through the tires to the road. By Newton's third law, there will thus be 
a forward force from the road on the tires, which accelerates the car. 

Discussion question 

^^^^^ Wren you step on the gas pedal, is your foot's lorce being transmitted m the 
^^^^^ sense of the word used in this section? 



5,5 Objects Under Strain 

A string lengthens slightly when you stretch it. Similarly, we have 
already discussed how an apparently rigid object such as a wall is aaualiy 
flexing when it participates in a normal force. In other cases, the etfea is 
more obvious. A spring or a rubber band visibly elongates when stretched. 

Common to all these examples is a change in shape of some kind: 
lengthening, bending, compressing, etc. The change in shape can be 
measured by picking some part of the object and measuring its position, x. 
For concreteness, let's imagine a spring with one end attached to a wall. 
When no force is exerted, the unfucd end of the spring is at some position 

If a force acts at the unfixed end, its position will change to some new 
value of X. The more force, the greater the departure of x from x^. 
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Back in Newton's time, experiments like this were considered cutting- 
edge research, and his contemporary Hooke is remembered today for doing 
them and for coming up with a simple mathematical generalization called 
Hookc's law: 

F« Hx-xJ (force required to stretch a spring; valid for small 
forces only] . 

Here kiS2 constant, called the spring constant, that depends on how stiff 
the object is. If too much force is applied, the spring exhibits more compli- 
cated behavior, so the equation is only a good approximation if the force is 
sufficiently small. Usually when the force is so large that Hooke's bw is a 
bad approximation, the force ends up permanently bending or breaking the 
spring. 

Although Hooke's law may seem like a piece of trivia about springs, it u 
actually far more important than that, because all solid objects excn 
Hooke's-law behavior over some range of sufficiently small forces. For 
example, if you push down on the hood of a car, it dips by an amount that 
is direaly proportional to the force. (But the car's behavior would not be as 
mathematically simple if you dropped a boulder on the hood!) 

Discussion questions 

A car is connected to its axles through txg. stiff springs called shock absorbers, 
or "shocks." Although we've discussed Hooke's law above only m the case of 
stretching a spring, a car's shocks are continually going through both stretch- 
ing and compression. In this situation, how wouki you interpret the positive and 
negative signs in Hooke's law? 




Section 5.5 Objects Under Strain 
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5.6 Simple Machines: The Pulley 



Even the most complex machines, such as cars or pianos, arc built out 
of certain basic units called simpU machines. The following are some of the 
main functions of simple machines: 

transmitting a force: The chain on a bicycle transmits a force from the 

crank set to the rear wheel. 

changing the direction of a force: If you push down on a seesaw, the 
other end goes up. 

changing the speed and precision of motion: When you make the 
"come here" motion, your biceps only moves a couple of centimeters 
where it attaches to your forearm, but your arm moves much farther 
and more rapidly. 

changing the amount of force: A lever or pulley can be used to increase 
or decrease the amount of force. 

You are now prepared to understand one-dimensional simple machines, 
of which the pulley is the main example. 



Example: a pulley 

Question: Farmer Bill says this pulley arrangement doubles the 
force of his tractor. Is he just a dumb hayseed, or does he know 
what he's doing? 

Solution: To use Newton's first law, we need to pick an object 
and consider the sum of the forces on it. Since our goal is to 
relate the tension in the part of the cable attached to the stump to 
the tension in the part attached to the tractor, we should pick an 
object to which both those cables are attached, i.e. the pulley 
itself. As discussed in section 5.4, the tension in a string or cable 
remains approximately constant as it passes around a pulley, 
provided that there is not too much friction. There are therefore 
two leftward forces acting on the pulley, each equal to the force 
exerted by the tractor. Since the acceleration of the pulley is 
essentially zero, the forces on it must be canceling out, so the 
rightward force of the pulley-stump cable on the pulley must be 
double the force exerted by the tractor. Yes. Farmer Bill knows 
what he's talking about. 
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Summary 



Sa/SGtBef Vocabulary 

nrpulsive describes a force dm tendltopush the two participating objects jp.iri 

acnacdvc ............... — . — dcscribet a fene dut tends to pal the two panidpating objects logcther 

oblM|iK ^ <i w c ril m • fenoc due acu at MMns odicf angjlft one dut n not s dinct 

repulsion cvr .itmiLtion 

normal force the force that keeps two objects trom occupying the umc space 

sutic friction a fncdon fenoe between sur&ces that are not slipping past each other 

loneQC fiiction •••••»««~«m»<«« a fiionon fene b cw wc m nit&oo duu aie dippiii^ P"" csdi odier 
fluid a gas or a liquid 

fluid friction a friction force in which ar least one ot the object is is a fluid 

qmng constant the cunstaiu of proportionahty between force and elongation ot a spring 

or odier obfea under flcniB 

a nornuil force 

F a static thctional force 

t: ^ |,i„^{(i III lilt II II .1 gj-iMiT 

a WnClIC 111010081 tOtOt 

die ooefBdeneof Made friaion; the constant of prop(mionality betucen 
the maximum static frictiunal force and die noanal ibioe; depeudf on 
what types of sur^Kes are involved 
........^.^M......^^^.. die cseffidenc of Idnedc fiicdon; die aumanr of propordonalitjr buwiui 

dwldnedc frictional fbne and die oonnalfiMoe; depends on wlMCqppei of 

surfaces arc involved 

the spring coiutant; the coiutant of proportionahty between the foroe 
oeiiod on an obiecc and die swount by wiudi dieobfcciis lenjplif iiwl or 
compicMed 

Summary 

Newton s third Imr stales that torces occur in equal and opposite pairs. It ot)ject A exerts a torce on object 

Ma¥4on^ IWwl Inw InMottfaa awnfitfy hwo oMoria. and awtrttv Iwo fopnoa. nnWnhnntof fhn— mnivnit. 

Thmare two systems for classifying forces We are presently using the more practical but less 
fundamental one. In this system, torces are classified by whether they are repulsive, attractive, or oblique; 
wlwllMr ftiy M9 oontacl or nonoontaol fOR9M! flnd whellier tfie 

Stalte M4bn adKMti IM to niM tw teRta Ihit is trying to ma^ 
the nwDdnMxn vslus is ranched, 

i/jqi^i/y . 

Qntsa thi« tnwM to ewpeodsd. tho wffioee iftf> D^wt oo# wnotfMH'. sndMnstitrfrfBinnsnnliHi. 

Both types of frictional force are nearfy independant of surtaoe area, and idnoHcMctfon to usualy 
approximately independent of the spMd at which flie surfaces are idipping. 

A good first step in applying Newton's laws of motion to any physical situation is to pick an object of 
InlBrest, aixi ttien to list aH tf>e forces acting on that object. We classify each force by its type, and find its 
Nswtftante lliiiU tasf psftaar, wMch tosoisftadliyftsoliiiactonsoiiisolwrobiBCt. 

When two objects are connactad by sWrdiow mass oh^rt. their loroae are trai^^ 

nearly uncfianged. 

Objects under strain always obey Hooke s law to a good approximation, as long as the force is small. 
Hooke's law states that the stretching or compression of the object is proportional to the force exerted on it. 
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Homework Problems 




1. A little old lady and a pro football player collide head-on. Compare 
their forces on each other, and compare their accelerations. Explain. 

2. The eanh is attracted to an object with a force equal and opposite to the 
force of the earth on the object. If this is true, why is it that when you 
drop an object, the earth does not have an acceleration equal and opposite 
to that of the object? 

3. When you stand still, there are two forces acting on you, the force of 
gravity (your weight) and the normal force of the floor pushing up on 
your feet. Are these forces equal and opposite? Does Newton's third law 
relate them to each other? Explain. 

In problems 4-8, analyze the forces using a table in the formal shotvn in 
section 5.3. Analyze the farces in which the italicized object participates. 

4. A magnet is stuck underneath a parked car. 

L, J . 5. Analyze two examples of objects at rest relative to the earth that are 
I being kept from falling by forces other than the normal force. Do not use 
^ >^^^^| obj^" in outer space, and do not duplicate problem 4 or 8. 

6. A person is rowing a boat, with her feet braced. She is doing the part of 
the stroke that propels the boat, with the ends of the oars in the water (not 
the part where the oars are out of the water). 

7. A farmer is in a stall with a cow when the cow decides to press him 
against the wall, pinning him with his feet oB the ground. Analyze the 
forces in which the farmer participates. 

8. A propeller plane is cruising cast at constant speed and altitude. 

9 . Todays tallest buildings are really not that much taller than the tallest 
buildings of the 1940s. One big problem with making an even taller 
sk)'.scrapcr is that every elc\'ator needs its own shaft running the whole 
height of the building. So many elevators are needed to serve the building's 
thousands of occupants that the elevator shafb start taking up too much of 
the space within the building. An alternative is to have elevators that can 
move both horizontally and vertically: with such a design, many elevator 
cars can share a few shafts, and they don't get in each other's way too much 
because they can detour around each other. In this design, it becomes 
impossible to hang the cars from cables, so they would instead have to ride 
on rails which they grab onto with wheels. Friction would keep them from 
slipping. The figure shows such a frictional elevator in its venical travel 
mode. (The wheels on the bonom are for when it needs to switch to 
horizontal motion.) (a/) If the coefficient of static friction between 
rubber and steel is |i , and the maximum mass of the car plus its passengers 
is A/, how much force must there be pressing each wheel against the rail in 
order to keep the car from slipping? (Assume the car is not accelerating.) 
(b) Show that your result has physically reasonable behavior with respect 
to fi . In other words, if there was less friction, would the wheels need to 
be pressed more firmly or less firmly? Docs your equation behave that 

way? 

S A solution is given in the back of the book. * A difficult problem. 
/ A computerized answer check is available. 



ProWem 6. 



rubber whee' 



Di 



car 



steel rail 



Problem 9. 



/ A problem that requires calculus. 
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Copyri 




PrabiMn 14. 



10. Unequal matMi Af and M aie stMpcnded fiom a pull^ ai shomi in die 

(a) AnalyxediefeiceiiBivhich mass aipanicipaies, uangaoMedte 

format shown in section 5.3. [The forces in which the other maacs 
panicipate will oi course he similar, but not numerical^ die same.] 

(b/) Find the mapnitiulc of the Kccierations of the rwo masses. [Hints: 
(i) Pick a coordiiuie ^ystctn, and use positive and negative signs consis- 
inidy ID indicate die diwcdoBiofdiefeicel and accelen tt i^ 
twoacoektatioiisofdietwoniaaMiliiveiDbeequalinm^gpitude but of 
opposite signs, since one side eats up rope at the same rate at which the 
other side pays it out. (3) Vou need to apply Newton's second law twice, 
once to each mats, and then aohc die two equatkms tor Ac unknowni: 
iheaooeleniion,4;aiidtheiieiiiionintfaeiope, T.] 

li^uqr people expea that in the qieciil caae of A^M, the nro macKt 
win naturally settle down to an eqidlibtiiinipoKtiooadebyaide. Baaedon 
your answer from part (bj, is this corrxxt? 

11. A nipboat ot mass m pulls a ship of m iss A/, accclcrarinp it. The speeds 
are low enough that you can ignore tluid triction acting on their hulls, 
althongh then wiH oiFoouise need ID be fluid fiiction aciii^ on the tug's 

(a) Analyze the in which the tughoat panicqMies, tiang a obfe i^ 
the IbiBiac siMiwn in aection 5.3. ISonV wotiy dbouc ^mical Ibicea^ 

(b) Do die same fiir die du{». 

(t/) Assume now that water friction on the two vessels' hulls is ncgUg^le. 
If the force acting on the rug's propeller is F. wh.it is ihc tension. T. in the 
cable connecting the two ships? [Hint: Write down two cquauons, one for 
Newton's seoood law applied to each object. Solve diese fot die two 
unknowM Tand a] 

(d) Inteipicr your anawer m the fecial caaes of AM and 

12. Bqdain why it wiittldn't inalK aenie to have IdiMtic fiktion be atii»- 

friciwo. 

13. In the system shown in the fipue, the pulleys on the left and t^htaie 

fixed, Init the pulley in the center cm move to the left or right. I he nvo 
masses are identical. Show that the mass on the left will have an upward 
a cceler a t i on equal to ^5. 

14 S. The figure shows two different ways of combining a pair of identical 
*pnog^ each with spring constant 'Wt refer to the top setup as parallel, 
and the bottom one as a series arrangement, (a) For the parallel arrange- 
ment, analyze the forces acting on the conneaor piece on the left, .ind 
then use this analysis to determine the equivalent spring constant ot the 
whole setup. Eiplab whedier the oonbined apfing oofMtant dKMiU be 
interpreted as being stiflficr or less srifF. (b) For the scries arrangement, 
analyze the forces acting on each spring and figure out the same thitigji. 

1 5. Cenerali7f the results of problem 14 to the case wlme the two spring 

constants are unequal. 
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Problem 19. 



16 S. (a) Using the solution of problem 14, which is given in the back of 
the book, predict how the spring constant of a fiber will depend on its 
length and cross-sectional area, (b) The constant of proportionality is 
called the Young's modulus, £, and typical values of the Youngs modulus 
are about 10'" to 10". What units would the Youngs modulus have in the 
SI (meier-kilogram-second) system? 

17. This problem depends on the results of problems 14 and 16, whose 
solutions are in the back of the book. When atoms form chemical bonds, 
it makes sense to talk about the spring constant of the bond as a measure 
of how "stiff" it is. Of course, there aren't really litdc springs — this is just 
a mechanical model. The purpose of this problem is to estimate the spring 
constant, k, for a single bond in a typical piece of solid matter. Suppose we 
have a Fiber, like a hair or a piece of fishing line, and imagine for simplicity 
that it is made of atoms of a single element stacked in a cubical manner, as 
shown in the figure, with a center-to-center spacing b. A typical value for b 
would be about 10 m. (a) Find an equation for k in terms of ^, and in 
terms of the Youngs modulus, E, defined in problem 16 and its solution, 
(b) Estimate k using the numerical dau given in problem 16. (c) Suppose 
you could grab one of the atoms in a diatomic molecule like H, or O,, 
and let the other atom hang vertically below it. Does the bond stretch by 
any appreciable fraaion due to gravity? 

18 S. In each case, identify the force that causes the acceleration, and give 
its Newton's- third- law partner. Describe the effect of the panner force, (a) 
A swimmer speeds up. (b) A golfer hits the ball off of the tec. (c) An archer 
fires an arrow, (d) A locomotive slows down. 

19. Ginny has a plan. She is going to ride her sled while her dog Foo pulls 
her. However, Ginny hasn't taken physics, so there may be a problem: she 
may slide right off the sled when Foo starts pulling, (a) Analyze all the 
forces in which Giny panicipates, making a table as in section 5.3. (b) 
Analyze all the forces in which the sled participates. (c«/) The sled has 
mass TO, and Ciinny has mass M. The coefficient of static friction between 
the sled and the snow is and ^. is the corresponding quantity for static 
friction between the sled and her snow pants. Ginny must have a certain 
minimum mass so that she will not slip off the sled. Find this in terms of 
the other three variablcs.(d) Under what conditions will there be no 
solution for A/? 

20 S. The second example in sertion 5.1 involves a person pushing a box 
up a hill. The incorrea ans\\'er describes three forces. For each of these 
three forces, give the force that it is related to by Newton's third law, and 
state the type of force. 

21. The example in seaion 5.6 describes a force-doubling setup involving 
a pulley. Make up a more complicated arrangement, using more than one 
pullry, that would multiply the force by a factor greater than two. 

22. Pick up a heavy object such as a backpack or a chair, and stand on a 
bathroom scale. Shake the object up and down. What do you observe? 
Interpret your observations in terms of Newton's third law. 

23/. A cop investigating the scene of an accident measures the length L of 
a car's skid marks in order to find out its speed v at the beginning of the 
skid. Ejcprcss v in terms of L and any other relevant variables. 
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24. The loHoini^ lessoning laAt to an apparent pandon; eiptain whai^t 

wrong with the logic. A baseball player hits a ball. 7'lie ball and the bat 
spend a traLtion of a viond in contact. During that time thc} Vc moving; 
together, so their accdciatiom must be cquaL Newtons third law says that 
their fixces on each other are abo equal. Bat MmFlm, to how can this be, 
SDCe their ni.isvcs are unequal? (Note that the paradox isn't resolved hf 
considering ihc force of the b.utcr"s h.inds on rhc bat. Not only is this 
force very small compared to die ball-bat force, but the batter could have 
just thiown the bat at the ball) 
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Vectors are used in aerial navigation. 



7 Vectors 

7.1 Vector Notation 

The idea oF components treed us From the contmes ot one-dimensional 
physics, but the component notation can be unwieldy, since every one- 
dimensional equation has to be written as a set ot three separate equations 
in the three-dimensional case. Newton was stuck with the component 
notation until the day he died, but eventually someone sufficiently lazy and 
clever figured out a way of abbreviating three equations as one. 



Section 7. 1 Vector Notation 
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1 

(a) 




sunds tor 


on Bji on \ x 
^AonB./ - ~ ^Bim.V* 


(b) 




sunds tor 


/...I —it ^ 

^ louU = '^la * — 






Stands tor 


,1^ = At\ / At 
a J = Ai'j i At 



Example (a) shows both ways of wming Newtoa!s third law. Which 
would you mfaer wrictf 

TliefcieagdMt each of the algebra syiaboltifmhaii Mi w 
topb dUed a veem, is actually an abbicviatioa for thne diflferent numben, 
die x,y, and g componcno. The three con^oocfMs ase leienod to as the 

ooinponents of tlw veoim; /; is the X component of the vector ^ . The 

notnrion with an arrow on top is pood tor h.indwrirrcn equations, but is 
unattractive in a printed book, so books use boldlacc, F, to rcpr»ent 
wciuB. After dus pouu^ I'M use boidfiwe fee wkboib dhiBHg|ifl<it this hoofc. 

In flenenL the vBOor nocatioo is useful for any (quantity that has both 
an amount and a diiectio n in space. Even when you are not going to write 
any actual vector nor.uion. the concept itself is a useful one. Wc s.iy that 
tbrce and velocity, tor example, are vectors. A quantify that has no direction 
in space, such as mass or time, is called a josfai The amount of a vector 
quandty is called its imfpnfiMir. The notation (or themi^pmideofavecior 
^ is 1^ like die abaohMB value sipi used with scaiais. 

Often, as in example (b), we wish to use the vector notation to repre- 
sent adding up all the v components ro t;c( a toi il v component, etc. The 
|dus sign IS used between two vcctur<> to mdicatc this type of component- 
by-compooem addtrion. Of ooune, vecms aie realty triplets of numbets, 
not numbers, so this is not the sjmc as the use of die pliu sign with indi- 
vidual numbers. Rut since wc don t want to h.ive ro invent new words and 
symbols for this uperauon on vectors, we use the ^anic old plus sign, and 
die same oU addhioiHelaiBd Mk like Vdd," Vuni»* and 'tetaL* Cosn- 

Similarly, the minus sign in cnmple (a) was used to indicate negating 
each of the vector's three components individualK. 1 he equals sign is used 
to mean that all three components ot the vector un the left side of an 
equation are the same as die coriesponding components on the liflu* 

Example (c) shows how we abuse the division symbol in a similar 
mamiet; When we wine the vecnr A9 divided bf the acdar M we mean the 
liewvecior fcfmc dbydwidin^cachoiieofthe^wloc ity ooin p oii tnt abyAl^ 
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It*s not hud to impne a variety of ope i atio i inhttwniild combine 
veaofs with vccton or vectors with scalars, but ooty fiMIT of them aie 
lequiied in onler ID opieB Newtons lawK 



opcntnn 


definition 


iwBcmr ♦ fctpf 


Add component hv component lO mahe 
a new set ot three numbers. 




Subtract component by component to 
make a new set ot three numben. 


ynetof scalar 


Muhipiv each compoocnt of the vector 

by the scjiar. 




r>i\ idi' v.u h component of die vector by 

the M^ai. 



As an example of an operation that iv not useful for physics, there just 
aren't any useful physics applications tor dividing a vector by another vector 
component by component In optionil Mcdon 7*% frndiicnv in owr 
detail the fundamental reaaooawfayiomevBctof opeiatkxMareiMefiJand 
otfaentneless. 

\Xc- can do ilgchra with vectors, or with a mixture of vectors and scalars 
in the same equation. Basically all the normal rules of algebra apply, but if 
you're not sure if a certain step is valid, you should simply translate it into 
diiee co mp o n cnt-bmed Mpmioos and 8cc if it wmfcL 

Question: If we are adding two force vectors F^G is it valid to 
assume as in ordinaiy algebra that is \he same as frff? 
AiMwir^lbtaifflMBalgflbraiutedso tppHoslovsuluis, wn 

simply translate ttie vector notation into ordinary algebra nota- 
tion. In terms of ordinary numt)ers, the components of the vector 
MmuU be F^+G^ F^+(3.and F^+G^. wNch are certainly the 
same three numtMNS M and iS,*F^ Vta, M le the 

same as G+F 

k is usetul to dctine a symbol r tor the veaor whose components arc x, 
and « and a qnnbol Ar made out of ^ ^ and Aa: 

Although tiiis majr aU aeem a little fermiciable, keep in mind that it 
amounts to nodung moie than a way of abbreviating equations! Alio, V> 
keep things from getting too confusing the remainder of this chapter 
toe uses mainly on the Ar vector, which is reUtively easy to visualize. 

Self-Check 

TiaiNhie llie aquoMona y=AjtM y.^AMM and ymAi/Atlor motion with 
con^Bra vwocay ■noa aaigpa aciuaDon n vacnr noianon. 
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X component 
(positive) 



y component 
(negative) 




Drawing vectors as arrows 

A vector in two dimensions can be easily visualized by drawing an arrow 
whose length represents its magnitude and whose direction represents its 
direction. The x component of a vector can then be visualized as the length 
of the shadow it would cast in a beam of light projected onto the x axis, and 
similarly for the y component. Shadows with arrowheads pointing back 
against the direction of the positive axis correspond to negative compo- 
nents. 

In this type of diagram, the negative of a veaor is the vcaor with the 
same magnitude but in the opposite direction. Multiplying a vector by a 
scalar is represented by lengthening the arrow by that faaor, and similarly 
for division. 



Self -Check 




Given vector Q represented by an arrow below, draw arrows representing the 
vectors 1 .SO and — O. 



Discussion Questions 

A Would it make sense to define a zero vector? Discuss wfiat tt>e zero 
vector's components, magnitude, and direction would be; are ttiere any issues 
heie? If you wanted to disqualify such a thing from being a vector, consider 
whether the system of vectors would be complete. For comparison, why is the 
ordinary number system (scalars) incomplete if you leave out zero? Does the 
same reasoning apply to vectors, or not? 

B You dnve to your fnend's house. How does the magnitude of your Ar vector 
compare with ttie distance you've added to the car's odometer? 



7.2 Calculations with Magnitude and Direction 

If you ask someone where l-as Vegas is compared to Los Angeles, they 
are unlikely to say that the Ax is 290 km and the Ay is 230 km, in a coordi- 
nate system where the positive x axis is cast and the^ axis points north. 
They will probably say instead that it's 370 km to the northeast. If they 
were being precise, they might specify the direction as 38° counterclockwise 
from east. In two dimensions, we can always specify a vector's direction like 
this, using a single angle. A magnitude plus an angle suffice to specify 
everything about the vector. The following two examples show how we use 
trigonometry and the Pnhagorean theorem to go back and forth between 
the x-y and magnitude-angle descriptions of vectors. 
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Example: finding the magnitude and angle from the components 
Question: Given that the Sx vector from LA to Las Vegas has 
Ajp=290 km and A>fc230 km, how would we find the magnitude 
and direction of Ar? 

Solution: We find the magnitude of Ar from the Pythagorean 
theorem: 



lArt 



= 370 km 

We know all three sides of the triangle, so the angle 6 can be 
found using any of the inverse trig functions. For example, we 
know the opposite and adjacent sides, so 



6 



ttan' 

38" 



AX 



Example: finding the components from the magnitude and angle 
Question: Given that the straight-line distance from Los Angeles 
to Las Vegas is 370 km. and that the angle 0 in the figure is 38% 
how can the jrand /components of the Ar vector be found? 
Solution: The sine and cosine of 9 relate the given information to 
the information we wish to find: 



cos e = 



AX 
I AT 

Ay 
Ar 



sin e = 

Solving for the unknowns gives 
A*- = I Ar |cos 8 
= 290 km 
= I Ar |sin 8 
= 230 km 
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Ax 

(negative) 



The following example shows the correct handling of the plus and 
minus signs, which is usually the main cause of mistakes. 

Example: negative components 

Question: San Diego is 120 km east and 150 km south of Los 
Angeles. An airplane pilot is setting course from San Oiego to 
Los Angeles. At what angle should she set her course, measured 
counterclockwise from east, as shown in the figure? 
Solution: If we make the traditional choice of coordinate axes, 
with X pointing to the right and y pointing up on the map. then her 
Ajris negative, because her final x value is less than her initial x 
value. Her Ay is positive, so we have 

\x =-120 km 

Ay =150 km . 
If we work by analogy with the previous example, we get 



e 



= tan' 



= tan" ^(-1.25) 
= -5r . 

According to the usual way of defining angles in tngonometry, a 
negative result means an angle that lies clockwise from the x 
axis, which would have her heading for the Baja California. What 
went wrong? The answer is that when you ask your calculator to 
take the arctangent of a number, there are always two valid 
possibilities differing by 180 . That is. there are two possible 
angles whose tangents equal -1.25: 

tan 12r = -1.25 

tan -5r = -1.25 
You calculator doesn't know which is the correct one, so it just 
picks one. In this case, the one it picked was the wrong one. and 
tt was up to you to add 180 to it to find the right answer. 
^ Discussion Question 

^ _ ne example atx)ve, we dealt with componenis\X\^\ were negative. Does it 

^^^^^^J j<e sense to talk about positive and negative vector^ 
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Angeles 



San Diego 



Addition of vectors given their components 

The easiest tj'pe ot vector addition is when you arc in possession of the 
components, and want to Bnd the components of their sum. 

Example 

Question: Given the Ajrand A/vaiues from the previous ex- 
amples, find the A^rand Ayfrom San Diego to Las Vegas. 
Solution: 

= A^, + A^ 

= -120 km + 290 km 

= 170 km 

= 150 km + 230 km 
= 380 

Note how the signs of the ^components take care of the west- 
ward and eastward motions, which partially cancel. 
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Las Vegas 




istance=? 



190 km 



San Diego 



Addition of vectors given their magnitudes and directions 

In this case, you must first traiulate the magnitudes and directions into 
components, and the add the components. 

Graphicai addition of vectors 

Often the easiest way to add vectors is by making a scale drawing on a 
piece of paper. This is known as graphical addition, as opposed to the 
analytic techniques discussed previously. 

Example 

Question: Given the magnitudes and angles of the Ar vectors 
from San Diego to Los Angeles and from Los Angeles to Las 
Vegas, find the magnitude and angle of the A/- vector from San 
Diego to Las Vegas. 

Solution: Using a protractor and a ruler, we make a careful scale 
drawing, as shown in the figure. A scale of 1 cm-»100 km was 
chosen for this solution. With a ruler, we measure the distance 
from San Diego to Las Vegas to be 3.8 cm, which corresponds to 
380 km. With a protractor, we measure the angle e to be 71= . 

Even when we don't intend to do an actual graphical calculation with a 
ruler and protraaor, it can be convenient to diagram the addition of vectors 
in this way. With Ar veaors, it intuitively makes sense to lay the vectors tip- 
to-tail and draw the sum vector from the tail of the first vector to the tip of 
the second veaor. We can do the same when adding other vectors such as 
force vectors. 

Vectors can be added graphtcally try 
placing them tip to tail, and then 
drawing a vector from the tail of the 
first vector to the tip of the second 
vector. 



\ 




Self -Check 

How would you subtract vectors graphically? 




Discussion Questions 

A It you're doing grap^tca/ addition of vectors, does it matter which vector you 
start wttli and which vector you start from the other vector's tip? 
B if you add a vector with magnitude 1 to a vector of magnitude 2, whiat 
magnitudes are possible for the vector sum? 

C. Which of these examples of vector addition are correct, and which are 
incorrect? 




^: T- 



The differerx:e A-B is e<^uivalent to A-t-(-B), which can be calculated graphically by reversing B to loim -B. and 
^ then adding rt to A 
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\X1icn w c want t<i specif)' a vector by its components, it can bccttinbcv- 
somc to have to write the algebra 5}-mbol for each component: 

Ax > 290 km. A/ =230 km 

A HMMe oompKt notadan ii ID wriie 

Ar -(290 km)* 4(230 kai)r . 

where the veaors * ,y , and i , called the unit vectors, are defined as the 

ncnm that have magnitude equal to 1 and diiectioM^fing along the x,^, 
andaaiEL In ipeedi» tli^ace icfaied to ai ^X'^iat'' and ao on« 

A rfjg^idy jfifflumtt and haidcf to iwncwhfiy 'Dcuion of tfaia notation ii 

unfenunaicty nioie p«c«dent. In this mrion, the iniit mton aie 

/.andi: 

Ar-(290km)« 4^(230 km)/ . 

7.5* Rotational Invariance 

I ct's take a closer look at why certain vector operations are usci\ii and 
others arc not. Consider the operation of multiplying two vectors compo- 
^ nent by component to prodnoe a tfuadveoon 

► ^ - PQ. 




(•) K ' P.O. 

As a simple example, wc choose vectors P and Q to have length 1 , and 
make them perf>endicular to each other, as shown in figure (a). If we 
compute the result of our new vector operation using the coordinate system 
diown in (b)> we find: 

^ - 0 

le^ » 0 

^ = 0 

I 

X The X component is zero because sO, the component is aero hfican i r 

(^-0, and the s oomponeiit is of oowae »n> becanie both VBCBMa aic m the 
»yfi$ne. However, if wc carry out the aune operations m coonluiatc 
qntem (c). lotatoi 45 degpees with fcipea ro the pacvioas on^ me find 

a; . 1/2 

R - -1/2 
i( - 0 

as lesuk dq>ends on what cooidtoate system we tiie, and stnce 

the r\vo versions of /? have difFcrcnr lengths (one being zero and the other 
nonzero), they don't just represent the same answer expressed in two 
diDerent coordinate systems. Such an operation will never be useful in 



(C) 



which way wc orient the laboratory building! The usrfiJ vector opcrationB» 
such as addition and scalar multiplication, arc routionally invariant, i^. 
come out the same regaidlfit of the orienution of the coordinate system. 
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Summary 



Selected Vocabukuy 

vector a quantity that has both an amount (nugnitude) and a direction in space 

magmnide .... — the ^vaaomT mnamAwi^ a vector 

•cahr a quamt^ that hai no duectkm in ifiao^ onljr an amount 

NoteHon 

vector with componenis and 

A handwritten notation foravcctor 

\A\ the nugnitude of vector^ 

r..... the vector whose components are x,jr, and 2 

Ar»....».»........»...»..»..».... the vecnr whose oomponeno aie ^ ^» and As 

Xt^s (opiioml topic) unit w ciowi the vecion with iwyimide 1 lyins ^tM{ die 

«jband«aKi 

itj»k a harder to remember notation for the unh vecton 

Standard Terminology Avoided in 7hfsBoo/( 

displacement vector a lume tor the symbol Ar 

speed the magnitude of the velocity vector, i.e. the velocity stripped of any 

nfennation about its duetiiun 

Summary 

A vector is a quantity that has t)Oth a magnitude (amount) and a direction in space, as opposed to a scalar, 
wWch hw no dh^ cM ofu Tli> viclof i w lillow <HWMnl> liwwpiy to <n 

In two dimensions, a vector can be represented either by Its two coniponents or by Ho magniixto and 

direction The two ways of describing a vector can be related by trigonometry. 

Ttie two rnain operations on votAm ara addiiion of a vector to a vecu^ 

scalar. 

Vector addition means adding the components of two vectors to torm the components ot a new vector. In 
gnqjhical terms, this corresponds to drawing the vectors as two arrows laid tip-to-tal and drawing the aum 
vector from the tail of the first vector to the tip of Hw seoond one. Vector ai dHiaUlo i i la partomwd by nagaiing 

the vector to be subtracted and then adding 

Multiplying a vector by a scalar means multiplying each of its components by the scalar to create a new 
woctDf Dl wi i i in n ftt a aminr ia dwWnad aiwiladv- 
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Homework Problems 



1. The%uie«how%««ogilaiid A Gnytucallyralni^ 

A*B, A-B, B-A, -2B, A-2B 
No munben OR involved. 

2. Phnom Penh is 470 km cast and 250 km south of Bangjkiok. Hbnoi is 

6n km c.i<;t ind 1030 km north of Phnom Penh, '..i) ("hnosc a coordinate 
system, and translate these diu into Ax and values with the proper plus 
and minus signs, (b/) Find the componentt of the Arvector pointing 
fiom Bangkok to Hanoi. 

5/. If7DuwaIk35kmatanaiig|e2S*ooaiiiBidoGksvisefiameast,aiMl 
then 22 km at 230* ooooteidocinriseieiamess^ find tlie distal 
cliiccdoa fioni your simii^ poim ID your desdnaii^ 



S A soludon it gyven in die back of the book. A diflficuh problem. 

/ Aa)mpuiiaiiedan8«crdiedcisaMu]aUe. J A proUcni dnt leqittMS cakulus. 
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8 Vectors and Motion 



In 1872, capitalist and fotmcr California governor Inland Stanford 
asked photographer Eadweard Muybridge if he would work for him on a 
project to settle a $23,000 bet (a princely sum ai that time). Stanford's 
friends were convinced that a galloping horse alwa>-s had at least one foot 
on the ground, but Stanford claimed that there was a moment during each 
cycle of the motion when all four feet were in the air. The human c\x was 
simply not fast enough to settle the question. In 1878, Muybridge fmally 
succeeded in producing what amounted to a motion picture of the horse, 
showing conclusively that all four feet did leave the ground at one point. 
(Muvbridge was a colorful figure in San Francisco histor)'. and his acquittal 
for the murder of his wife's lovrr was considered the trial of the century in 
California.) 

The losers of the bet had probably been influenced by Aristotelian 
reasoning, for instance the expectation chat a leaping horse would lose 
horizontal velocity while in the air with no force to push it forward, so that 
it would be more efficient for the horse to run without leaping. But even for 
students who have converted wholeheancdly to Newtonianism, the rela- 
tionship between force and acceleration leads to some conceptual difficul- 
ties, the main one being a problem with the true but seemingly absurd 
statement that an objea can have an acceleration vector whose direction is 
not the same as the direction of motion. The horse, for instance, has nearly 
constant horizontal velocity, so its is zero. But xs anyone can tell you who 
has ridden a galloping horse, the horse accelerates up and down. The horse's 



180 
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aooeieracion vector therefore changes back and forth between the up and 
down directions, but is never in the same direction as the horse's motion. In 
this chapter, we will examine more carefully the properties of the velocity, 
acceleration, and force vectors. No new principles are introduced, but an 
attempt is made to tie things together and show examples of the power of 
the vector formulation of Newton's laws. 



8.1 The Velocity Vector 




r 




y 



For motion with constant velocit)', the velocity vector is 



[ only for coiutant vxlocity ] 



The Ar vector points in the direction of the motion, and dividing it by the 
scalar A/ only changes its length, not its direction, so the velocity vector 
points in the same direction as the motion. When the velocity is not 
constant, i.e. when the x-t,y-t, and z-r graphs are not all linear, we use the 
slope-of-the-tangent-line approach to defme the components r , v , and v^, 
from which we assemble the velocity vector. Even when the velocity vector 
is not constant, it still points along the direction of motion. 

Veaor addition is the correct way to generalize the one-dimensional 
concept of adding velocities in relative motion, as shown in the following 
example: 

Example: velocity vectors in relative motion 

Question: You wish to cross a river and arrive at a dock that is 

directly across from you, but the river's current will tend to carry 

you downstream. To compensate, you must steer the boat at an 

angle. Find the angle 6, given the magnitude, Iv^l, of the water's 

velocity relative to the land, and the maximum speed. Iv^^l, of 

which the boat is capable relative to the water. 

Solution: The tx)at's velocity relative to the land equals the 

vector sum of its velocity with respect to the water and the 

water's velocity with respect to the land. 

If the boat is to travel straight across the river, i.e. along the y 
axis, then we need to have v^ ,=0. This x component equals the 
sum of the x components of the other two vectors, 



or 



Solving for 0. we find 



'bUi 'BWji •>«_» 



0 = -IVBjsine + lv^l 



sine = Iv^l/IVg^l 



e = sin" 
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B Discussion Questions 

' A Is it possible for an airplane to maintain a constant velocity vector but not a 
:c-stant 1^? How about the opposite -- a constant liH but not a constant 
• u.ocity vector? Explain. 

B New York and Rome are at about the same latitude, so the earth's rotation 
carnes them both around nearly the same circle. Do the two cities have the 
same velocity vector (relative to the center of Xhe earth)? If not, is there any 
way for two cities to have the same velocity vector? 



8.2 The Acceleration Vector 




(a) A change in the magnitude of the 
velocity vector implies an acceleration 



When all three acceleration components are constant, i.e. when the v^-t, 
v-t, and v-t graphs are all linear, we can define the acceleration vector as 

a-\vlSt [ only for consant acceleration] , 

which can be written in terms of initial and final velocities as 

m=(Vf-v)l^ [ only for constant acceleration] . 

If the acceleration is not consunt, we define it as the vector made out of the 
a^, a^, and components found by applying the slope-of-the-tangent-line 
technique to the f^-t, v^-t, and r -r graphs. 

Now there arc two ways in which wc could have a nonzero acceleration. 
Either the magnitude or the direction of the velocity vector could change. 
This can be visualized with arrow diagrams as shown in the figure. Both the 
magnitude and direction can change simultaneously, as when a car acceler- 
ates while turning. Only when the magnitude of the velocity changes while 
its direction stays consunt do we have a Av veaor and an acceleration 
vector along the same line as the motion. 

Self-Check 

^ ^ ) r>gure (a), is the object speeding up or slowing down? (2) What would the 
(fv diagram look like if v was the same eis f,? (3) Describe how the A if vector is 
different depending on whether an object is speeding up or slowing down. 

If this all seems a linle strange and abstract to you, you're not alone. It 
doesn't mean much to most physics students the first time someone tells 
them that acceleration is a veaor, and that the acceleration vector does not 
have to be in the same direction as the velocity veaor. One way to under- 
stand those statements better is to imagine an objea such as an air freshener 
or a pair of ftizzy dice hanging from the rear-view mirror of a car. Such a 
hanging object, called a bob, constitutes an accelerometer. If you watch the 
bob as you accelerate from a stop light, you'll see it swing backward. I'he 
horizontal direaion in which the bob tilts is opposite to the direction of the 
acceleration. If you apply the brakes and the car's acceleration veaor points 
backward, the bob tilts forward. 

After accelerating and slowing down a few times, you think you've put 
your accelerometer through its paces, but then you make a right turn, 
(b) A change in the direction of the Surprise! Acceleration is a veaor, and needn't point in the same direction as 
velocity vector also produces a non- , , . • i • i i i i • i 

zero ^v vector, and thus a nonzero velocity veaor. As you make a right turn, the bob swings outward, to 

acceleration vector. Av/A£ your left. That means the car's acceleration veaor is to your right, perpen- 






(1 ) It IS speeding up, because tne tinai velocity vector has the greater magnitude (2) The result woukJ be zero, 
which would make sense (3) Speeding up produced a vector in the same direction as the motion. Stowing 
down would have given a ^v that bointed backward. 
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<Ucular to your velocity vector. A usefid <fefinition of an aocdoarion ifcctor 
ihould relate in a systematic way to the acttial physical effects produced bjr 
the acceleration, so a physically reasonable definition of the acceleration 
vector must allow for cases where it is not in the same direction as the 

Self-Check 



In piqjBCtle motion, what diradion doaa the 



vadorhaM? 



Thefolknriogaie 
' vecnus in comples modoo. 



Thia figan ihows ouHnee tiaoed 

from the first, third fifth, seventh, and 
ninth frames in Muybndge s series of 
photographs of the galloping horse. 
The estimated location of the horse's 
center of mass is shown wHh a drda, 
which bobs aiKive andbalowlhahMt* 
zontal dashed line. 
If wa dofft caia ibout catoutaHng 
locities and accelerations in any par- 
ticuiar system of units, then we can 
praland that the time between framaa 
la ana uniL The horse's velocity vao- 
tor as It moves from one point to flia 
next ca.n then be found simply by 
drawing an arrow to connect one po> 
■non Of ins oenier Of mBae IV ine nexb 
This produces a series of velocity vec- 
tors which alternate between pointing 
above and below honzontai. 

Tha Arvador is the vector which 
w« VPCNIM twva to add onto one veloc- 
ity vector in order to get the next ve- 
loaty vector in the series. The A v vec- 
tor alamalBa batwaan poMing down 
(around the time when tfte horse Is in 
the air. b) and up (around the time 
when the hoiaa haa two feat on lha 
groundi d). 




The downward totce 
of gravity produces 

a downward ( 
erabon vector. 



The upward force from 
the gioiind is giacMr fhan 

the downward force of 
gravity. The total force on 
the hoiaa la ifward, giving 
ani 



MW«MIMiiMWyiaM,Mf|«^^ 
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In this example, the rappeller's velocity has long periods of gradual 
change interspersed with short periods of rapid change. These 
correspond to periods of snnall acceleration and force and periods 
of large acceleration and force. 



Discussion Questions 

A ^hen a car accelerates, why does a bob hanging from the rearview mirror 
S .V ng toward the back of the car? Is it because a force throws rt backward? If 
so what force? Similarty. describe wt^t happens m the other cases described 
above 

B. The following is a question commonly asked by students: 

"Why does the force vector always have to potnt in the same direction as 
the acceleration vector? What if you suddenly decide to change your force 
on an object, so that your force is r>o longer pointing the same direction that 
the object is accelerating?* 
What misunderstandmg is demonstrated by this question'' Suppose, tor 
example, a spacecraft is blasting its rear main er>gines while moving forward, 
then suddenly begins finng its sideways maneuvenr>g rocket as well. What 
does the student think Newton's laws are predicting? 
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8.3 The Force Vector and Simple Machines 



(a) The applied force F, pushes the 
btock up the frictk>nless ramp. 



(b) Three forces act on the block Their 
vector sum is zero. 




(c) ft the block is to move at constant 
velocity. Newton's first law says that 
the three force vectors acting on it 
must add up to zero. To perform vec- 
tor addition, we put the vectors tip to 
tail, and in this case we are adding 
three vectors, so each one s tail goes 
against the tip of the previous one. 
Since they are supposed to add up to 
zero, the third vector's tip must come 
back to touch the tail of the first vec- 
tor. They form a tnangle. and since the 
applied force is perpendicular to the 
normal force, it is a nght tnangle. 



Force IS relatively easy to intuit as a vector. The torcc vector points in 
the direaion in which it is trying to accelerate the objea it is acting on. 

Since force vectors are so much easier to visualize than acceleration 
vectors, it is often helpful to first find the direction of the (total) force 
vector acting on an object, and then use that information to determine the 
direction of the acceleration vector. Newton's second law, F ,-ma, tells us 

una] 

that the two must be in the same direction. 

An important application of force vectors is to analyze the forces acting 
in two-dimensional mechanical systems, as in the following example. 

Example: pushing a block up a ramp 

Question: Figure (a) shows a block being pushed up a friction- 
less ramp at constant speed by an applied force F^. How much 
force is required, in terms of the block's mass, m, and the angle 
of the ramp, e? 

Solution: Figure (b) shows the other two forces acting on the 
block: a normal force, F^, created by the ramp, and the weight 
force, F^. created by the earth's gravity. Because the block is 
being pushed up at constant speed, it has zero acceleration, and 
the total force on it must be zero. From figure (c), we find 



= IFJ sin e 



= mgs\n 9 . 

Since the sine is always less than one, the applied force is ahvays less than 
mg, i.e. pushing the block up the ramp is easier than lifting it straight up. 
This is presumably the principle on which the pyramids were constructed: 
the ancient Egyptians would have had a hard time applying the forces of 
enough slaves to equal the full weight of the huge blocks of stone. 

Essentially the same analysis applies to several other simple machines, 
such as the wedge and the screw. 



Discussion Questions 

A The figure shows a bkxk being pressed diagonally upward against a wall, 
causing it to slide up the wall. Analyze the forces involved, including their 

directions. 




Discussion question A. 
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B. The figure shows a roller coaster car rolling down and then up under the 
influence of gravity Sketch the car s velocity vectors and acceleration vectors. 
Pick an interesting point in ttie motion and sketch a set of force vectors acting 
on ttie car whose vector sum coukJ have resulted in the right acceleration 
vector. 



Discussion question C. 



8.4 J Calculus With Vectors 



The dcBnitions of the velocity and acceleration componcnLs given in 
chapter 6 can be translated into calculus notation as 

dx~ ^ - dz~ 



anc 



To make the notation less cumbersome, we generalize the concept of the 
derivative to include derivatives of vectors, so that we can abbreviate the 
above equations as 

d/ 

and 

d/ 

In words, to take the derivative of a vector, you take the derivatives of its 
components and make a new vector out of those. This defmition means 
that the derivative of a veaor function has the familiar properries 

— ^ IfuaconsuntJ 

and 

~~ dt ~ dt dt ' ^ 

The integral of a vector is likewise defmed as integrating com{X)nent by 
component. 
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Question; Two objects hawposllionB 88 lunclions Of lime givsn 

by the equations 

8nd 

Find iJOth objects' accelerations using calculus. OoiM eMMT 

answer have been found without calculus'' 

Solution: Taking the first derivative of each component, we find 

8nd taldng ttw derivslivss sofliin Qhras ttocotoraHon, 

1^ = 36/** . 

The first object's acceleration could have been found without 
calculus, simply by comparing the ^reind j'COonJinates with the 

constant-acceleration equation Ax = v^^Af + ^aSt^ . The second 

equation, however, isn't just a secor>d-order polynomial in 4 so 
the accelamilon isn't constant, and we rsaly dM need obIouIus to 
find the corresponding acceleration. 

Example: a fire-extinguisher stunt on ice 

Question: Prof. Puerile smuggles a fire extinguisher into a 

SNsang nnK. CMraMiQ oui ofin vie KM wsii^ 

sits down and pushes off from the wall with his feet, acquiring an 

initial velocity v_f . At /to, he then discharges the fire extin- 
guisher at a 45-degree angle so that it applies a force to him that 
is tMickwNud and to the left, f .e. atong the negative y asds and the 
positive X axis The fire extinguisher's force is strong at first, but 
then dies down according to the equation if\=^>-ci wttera ^and 
ctm constants. Find ttie pfofsesoilB velooHy as s funoMon of 

timr- 

Solution; ^4easured oountafdockwise from the x axis, the angle 
of tlie tofoe vBctor t>econies 315^. BtealdnQ tlie foioe down into X 

andyoomponents. we have 

^ » If! cos 315° 

^ = IFlsin315° 

In unit vector nolalioni Vila is 

HawlonlB aeoond law givee 
m » flm 



Its Owptore WotonandMoion 
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lb ftwl wtod^ vtclor M • taMStton of inw^ !W nMd to 
r « J«dt 

• It*-")**!-* 

A vector function can be integrated component by ogniponent, ao 
this can be broken down into two integmit, 
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Here the physical significance o( the two constants of imtegraUan 
ii SmI they giv*e 4m MM VilOG^i 0QnlMI#1 
and oQMlvilIB imMl oqmI i^lTiaflMliwultlt 



Summary 

inB vvnci^ vecKii poviB n wwoiaLauiioi ■le oofBcrs nKjDon. rawMa nmuuii mi oa oaacnDSO oy 



The acceleration vector need not point in the same direction as the object's motion We use the word 
'^acceieration'' to desaibe any change m an oiJiect's velocily vector, which can tie either a charige in its 
iiNiQnHuda Of ft chafiQa In Ito dbaoloiii 

An ifnpoitml apploaltan of tia Motar addMon of 
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Homework Problems 



1 / A dinosaur tossil is slowly moving down the slope of a glacier under 
the influence ot wind, rain and ^viiy. At the same time, the glacier is 
moving relative to the oonrineiit underaeatfa. The diAed linq itpwatm 
the direcdoDS but not the nugnitiidff of the velocities. Pick a scale, and 

use graphical addition of \ cctors to find the magnitude and the direction 
of the fcKsil's velocity relative to the contment. You will need a ruler and 
protractor. 



« 
« 



direction of i 
o< giaoer relative 
to oonliMni. I.lxlff-^ mte 



direction of motion % 
of fossil relative to \ 



2. Is it possible for a helicopter to have an acceleration due east and a 
velocity due west? If so. what would be going on? If not, w hy not? 

3 A bird is initially Hying horizontally cast at 21.1 m/s. but one second 
later it has changoi direction so that it is flying boriz(Mitall]raiid7*lKMh 
of can, It the tame speed. What are the mignitude and diiecdon of its 

acceleration vector during that one aeOMid time iimwii? (Amne iu 
acceleration was roughlv constant.) 

4. A person of mass M stands in the middle of a tightrope, whicii is fixed 
at the ends to two buildings separated by a horizontal distance L. I'he rope 
sapintheiniddk^nieiichingiiiidlengiiMningtheropesl^tly. (a/) Vthe 
dghttope mlioer warn die rape to sag vettkal^ by no more than a height 
fi find the minimum tension, F, that the rope must be able to withstand 
without breaking, in terms of h, g, M, and L (b) Based on your equation, 
explain wfagr it it lUX ponUe to fpt M, and give a physicd i 





5*/. Your hand presses a block of ma.ss m against a wall with a force F^^ 
acting at an angle 6. Find the minimum and maximum possible values of 
|iy dnt an keep die block statioiuujiil in KnDt of M. ^ 0, and the 
oocffidem of acaric fiiccion between die block and ike tvaU. 



is given in the hack of the book, 
check is anrailalile. 



A difficult problem. 
/ A problem diatfeqaitescalculua. 
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6/. A skier of mass m is coasting down a slope inclined at an angle 6 
compared to horizontal. Assume for simplicity that the treatment of 
kinetic friction given in chapter 5 is appropriate here, although a soft and 
wet surface actually behaves a little differently. The coefficient of kinetic 
friction acting between the skis and the snow is and in addition the 
skier experiences an air friction force of magnitude btr, where ^ is a 
constant, (a) Find the maximum speed that the skier will attain, in terms 
of the variables m, 9, and b. (b) For angles below a certain minimum 
angle 9__^_^, the equation gives a result that is not mathematically meaning- 
ful. Find an equation for 9_^, and give a physical explanation of what is 
happening for 9<9_^^. 

7 /. A gun is aimed horizontally to the west, and fired at r=0. The bullet's 

position veaor as a ftmction of time a r = hx ■*■ cty * dt^z , where b, c, 
and d are constants, (a) NXliat units would b. c, and d need to have for the 
equation to make sense? (b) Fmd the bullet's velocit)' and acceleration as 

functions of time, (c) Give physical interpretations ofb,c,d,x ,y, and z . 

8 S. Annie Oakley, riding north on horseback at 30 mi/hr, shoots her rifle, 
aiming horizontally and to the northeast. The muzzle speed of the rifle is 
140 mi/hr. ^X^cn the bullet hits a defenseless fuzzy animal, what is its 
speed of impact? Neglect air resistance, and ignore the vertical motion of 
the bullet. 

9 S. A cargo plane has taken off from a tiny airstrip in the Andes, and is 
climbing at constant speed, at an angle of 9= 1 7° with respect to horizon- 
tal. Its engines supply a thrust of /\^,^=200 kN, and the lift from its 
wings is /^,_^=654 kN. Assume that air resistance (drag) is negligible, so the 
only forces acting are thrtist. lift, and weight. NX^at is its mass, in kg? 

10 S. A wagon is being pulled at constant speed up a slope 9 by a rope 
that makes an angle <p with the vertical, (a) Assuming negligible friction, 
show that the tension in the rope is given by the equation 

r sin 9 r 
sm (9 * q>j 

where is the weight force aaing on the wagon, (b) Interpret this 
equation in the special cases of <p=0 and <j>= 1 80°-9. 

lis. The angle of repose is the maximum slope on which an object will 
not slide. On airless, geologically inert bodies like the moon or an asteroid, 
the only thing that determines whether dust or rubble will stay on a slope 
is whether the slope is less steep than the angle of repose, (a) Find an 
equation for the angle of repose, deciding for yourself what are the 
relevant variables, (b) On an asteroid, where g can be thousands of times 
lower than on Earth, would rubble be able to lie at a steeper angle of 
repose? 
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9 Circular Motion 

9.1 Conceptual Framework for Circular Motion 

I now live fifteen minutes firom Disne\'lancl, so my friends and Family in 
my native Northern California think it's a little strange that I've never 
visited the Magic Kingdom again since a childhood trip to the south. l*he 
truth is that for me as a preschooler. Disne\'land was not the Happiest Place 
on Earth. My mother took me on a ride in which little cars shaped like 
rocket ships circled rapidly around a central pillar. I knew I was going to 
die. There was a force trying to throw me outward, and the safety features 
of the ride would surely have been inadequate if I hadn't screamed the 
whole time to make sure Mom would hold on to me. Afterward, she 
seemed surprisingly indifferent to the extreme danger wc had experienced. 
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dmitariiMlion doM not pioduMMi outaMfdfloviM 

1^ jFOunger sdTs undcrsundi of circular motkm WW pwt^ ri^ and 

panly wrong. I was wrong in believing that there was a force pulling me 
outward, away from the center ot the circle. The easiest way to understand 
dktt tt ID bfliag bode die parable ofdiebof«^ing ball in the pickup truck 
(nNndiiptier4.Asthe truck makesaldcnim. the driver kicks in the 
rearview mirror ind thinks that some m>'sterious force is pullins; rht- ball 
outward, but the truck is accelerating, so the driver's frame ot retcrence is 
not an inenial faune. Newton's laws are violated in a noainefttal 6aiiie> ao 
die ball appean co aoodenue widiout any actual fiMoe acting on it. Because 
we are used to inertial frames, in which .u cdcr.irions .irc caused b) forces, 
the baD't acceleration creates a vivid illusion that there must be an outward 
force. 

In an inenial trame everything makes more sense. I he ball has no force 
on ami goes aoai^t as lequiied bf hfcwBoa's fi« law. 
force on it horn the asphalt, and responds to it by accelerating (changing 
die dincdon of in vdodqr vector) as hfewton'a setxuKl law a^ tt shoukL 





(9) In 9iB turning InjcIA fwnw of ivtofwio^ Vw 

ball appears to violate Ne^vton's laws, display- 
ing a sideways acceleration that is not the re- 
aiA of A foaMHntoraotfon wW) wiy odwr ob)aci ■ 



(b) In on fewflial ftsno of lOlaNiioo, aunh SB llw 

frame fixed to the earth's surface the ball obeys 
Nev»lon s first law No forces are acting on it, and 
it continues moving in a straight line. It is the 
taicfc ttuit is pofticifMljnB in an intoraction witti 
lhoaiphrtt.ti »tnicfcl^ 
oocoitfno to NowkMfa oooond Imk 
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(a) An overhead view of a pc-fson 
swuiging a rock on a rope. Atorce from 



vetocNy 
tion. 



no 




(b) If the string breaks the rock will 
follow Newton's first law and go 
straight ii 

ttWCKlt. 



I not psfviil wUimil s fovM 

I W.KS cnrrcci alxnii one thing, however. To make mc cuTwe around wttfa 
the car, I really did need some force such as a force from my mother, 
friction from the seat, or a normal force from the side ot the CU. Qa hct, ail 
tbrac fiwocs wcfc probdblf dUtng together.) One of die icaaoos wfaf Galileo 
fiuJed to refine the principle of inertia into a quantitative staterococ like 
Newton's first law is that he was nor <>ure w hcrher morion without a force 
would natiualiy be circular or linear. In tact, the most unptcssivc examplea 
he knew of the pcnistenoe of motion wcte nuxtljr dicukn the spinning of a 
ipp Of Ac miaiioii of theeandbj fiwOBHBiplc* Ncwumi mlfaBil thttis 
examples such tfu t there really were forces at work. Atoms on the 
surface of the top are prevented from flying off straight by the ordinary 
force that keeps atoms stuck together in soUd maner. The earth is nearly all 



Grcular motion ahnfl involves a change in the dircLiion of the ^ 
vector, but it is also po';<;iblc for the magnitude of the vi Kkiiv m change at 
the same time. Circular motion is referred to as unijvrm it [p[ is constant* 
and m m m^r m if k ii changing. 

Your speedometer tdls you the magnitude of your car's velocity veaor, 
so whn you fo around a cuiw twfaile keeping your speedometer ne 

steady, you are executing uniform circular motion. If your speedometer 
reading is changing as you turn, wur circular motion is nonuniform. 
Uniform circular motion is simpler to analyze mathematically, so wc will 
attack it first and then pais CO the noounifetm case. 

80lf Clwofc 

Which of thaoe aw mmplm of twlonn dtoilar moion and which ara nonuni- 

toim? 

^ ttw otaNMs in 0 clotfiM diiyir ^Munfeig ttioy wMrin aQrinil fhs inrida of 

the drum even at ttie top) 
(b) a rock on the end of a string being wfwied in a vertical arcle 




Wunaofm. iney nave me same motion as the dnjm itself, wtiicn is rotating as one solid ptace. no part ot tho 
dRM OM bo nMhiB • dHtowM iptnd flnm any olhar pwL (b) NinijnNDnik Gm^ 
down Md ataNW R down on Cm My u|i> 

8Mlion0.1 ^^*» MM**'^ rnHiiwMCii1[tDrCln'idwMn4lnn 171 
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To make the bnck go in a circle. I had 
to exert an inward force on the rope. 




When a car is going straight at con- 
slant speed, the forward ar>d backward 
forces on it are canceling out, produc- 
ing a total force of zero When it moves 
in a circle at constant speed, there are 
three forces on it. but the forward and 
backward forces cancel out. so the 
vector sum is an inward force. 



A senes of three hammer taps makes 
the rolling ball trace a thangle. seven 
hammers a heptagon. If the number 
of fiammers was large enough, the t>all 
would essentially be experiencing a 
Steady inward force, and it would go 
in a circJe. In no case is any fonArard 
force necessary. 



Only an inward force is required for uniform circular motion. 

The figures on the previous page showed the string pulling in straight 
along a radius of the circle, but many people bclic%e that when they are 
doing this they must be "leading" the rock a little to keep it moving along. 
That is, they belie\'e that the force required to produce uniform circular 
motion is not directly inward but at a slight angle to the radius of the circle. 
TTiis intuition is incorrect, which you can easily verify for yourself now if 
you have some string handy. It is only while you are getting the object going 
that your force needs to be at an angle to the radius. During this initial 
period of speeding up, the motion is not uniform. Once you setde down 
into uniform circular motion, you only apply an inward force. 

If you have not done the experiment for yourself here is a theoretical 
argument to convince you of this fact. We have discussed in chapter 6 the 
principle that forces have no perpendicular effects. To keep the rock from 
speeding up or slowing dowTi, we only need to make sure that our force is 
perpendicular to its direction of motion. We are then guaranteed that its 
forward motion will remain unaffected: our force can have no perpendicular 
effect, and there is no other force acting on the rock which could slow it 
down. The rock requires no forward force to maintain its forward motion, 
any more than a projectile needs a horizontal force to "help it over the top" 
of its arc. 

Why, then, does a car driving in circles in a parking lot stop executing 
uniform circular motion if you take your foot off the gas? The source of 
confusion here is that Newton's laws predict an object's motion based on the 
total force acting on it. A car driving in circles has three forces on it 

(1) an inward force from the asphalt, controlled with the steering wheel; 

(2) a forward force from the xsphalt, controlled with the gas pedal; and 

(3) backward forces from air resistance and rolling resistance. 

You need to make sure there is a forward force on the car so that the 
backward forces will be exactly canceled out, creating a vector sum that 
points directly inward. 

in uniform circular motion, the acceleration vector is inward 

Since experiments show that the force vector points directly inward, 
Newton's second law implies that the acceleration vector points inward as 
well. This fact can also be proven on purely kinematical grounds, and we 
will do so in the next section. 
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Discussion Questions 

A. In the game of crack the whip, a line of people stand holding hands, and 
then they start sweeping out a circle One person is at the center, and rotates 
A "nout changing location. At the opposite end is the person who is running 
the fastest, in a wide circle. In this game, someone always ends up losing their 
grip and flying off. Suppose the person on the end loses her grip. What path 
does she follow as she goes flying off? (Assume she is going so fast that she 
is really just trying to put one foot in front of the other fast enough to keep from 
failir>g: she is not able to get any significant horizontal force between her feet 
and the ground.) 

B. Suppose the person on the outside is still holding on, but feels that she may 
loose her grip at any moment. What force or forces are acting on her, and in 
what directions are they? (We are not interested in the vertical forces, which 
are the earth's gravitational force pulling down, and the ground's normal force 
pushing up.) 

C. Suppose the person on the outside is still holding on. but feels that she may 
loose her gnp at any moment. What is wrong with the following analysis of the 
situation? "The person whose hand she's holding exerts an inward force on 
her, and t^ecause of Newton's third law. there's an equal and opposite force 
acting outward. That outward force is the one she feels throwing her outward, 
and the outward force is what might make her go flying off. if it's strong 
enough." 

D. If the only force felt by the person on the outside is an inward force, why 
doesn't she go straight in? 

E. In the amusement park nde shown in the figure, the cylinder spins faster 
and faster until the customer can pick her feet up off the fk>or without falling. In 
the old Coney Island version of the ride, the floor actually dropped out like a 
trap door, showing the ocean below. (There is also a version in which the 
wfK>le thing tilts up diagonally, but we're discussing the version that stays flat.) 
If there is no outward force acting on her, why does she stick to the wall? 
Analyze all the forces on her. 

F. What IS an example of circular motion where the inward force is a normal 
force? What is an example of circular motion where the inward force is 
friction? What is an example of circular motion where the inward force is the 
sum of more than one force? 

G. Does the acceleration vector always change continuously in circular 
motion? The velocity vector? 
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9.2 Uniform Circular Motion 




Tlw iwf of tkMK 
AMna-BMnb»CMne 



In rhis <vccri<>n I dt-rivc a simple and vcn* iiscfii! fqiution for the magni- 
tude of the acceleration ot an obja:i undergoing cotutant acceleration. The 
bw of sines is invc^ved, so I've recapped it on the left. 

The derivation is brief, but the method requires some cxpUiuiiun and 
intrifiariow. TTic idw w w> r^tlmhtf a Ay vwwf JfBcrilMwg tiwf ffHwigf w 
the velocity vector at die object passes tkmogh an angle 6. We then calcu- 
late the acceleration, a=At>IAt. The ,»<irufe render will recall, however, that 
this equation is only valid tor niuttun wiiii coiutant acceleration. Althou^ 
the BMgpiiiude of dhc aoodaaoon is oonmnc (bff unifiicn cuoiibf motnot 
die aoodesMion vector chai^ in direction, so it boot a constant vectoi; 
and the equation /i=At'/A/ does not applv. I he justiflcition for using it is 
that we will then examine its behavior when wc make the time interval veijr 
shon, which means nuldng the 6 vefjrfliial. I 
tiine interv als, the Ar/A/ expression becomes a I 
tion. so that die final cesult of the derivation is exact. 

In figure (a), the object sweeps oi:r .in .inplc 0 Its direction of motion 
also twists around by an angle 6, trom the vertical dashed Une to the tilted 
one. Figure (b) shows the initial and final velocity vecRxi* which have equal 
magpinide^ biit dhectiom ffiflofiitg bf 6l In (c), the vmass hsM ben 
reassembled in the pn^wrorientttion for vector subtraction. They form an 
isosceles triangle with interior angles 6, X\, and T\. (Eta, 1), is my bvorite 
Greek letter.) 1 he law ut sales gives 

sin 0 aa1\ 

This cells us the magnitude of Ar, which is one of the two ingredients wc 
need for calculating the ni.ipnitudc of a=Ap/At. The other ingredient is Afc 
The time required ioi the object to move thioi^ the angle 0 is 

length ofaic 

Now if we measme oitf angles ui tadians wecsn use the dffinimwi of cadnn 

measure, which is (angle) = (length of arc)/(radiu.s). giving A^Of^a^i 
bining this with the firste]qxesiioninvotvii^|Ai»| gives 





(C) 



sinO 

e 



1 



>X^cn becomes very small, the small-angle approxiniuiiun sin Q^Q 
appBcfc and also f| heoomcs doae to 90^, so ain f|Ml> and we Imvc an 

.IbrH: 



H 



(undbcin cucukv motion] 
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Example: force required to turn on a bike 

Question: A bicyclist is making a turn along an arc of a circle 

with radius 20 m, at a speed of 5 m/s. if the combined mass of 

the cyclist plus the bike is 60 kg, how great a static friction force 

must the road be able to exert on the tires? 

Solution: Taking the magnitudes of both sides of Newton's 

second law gives 

= nia^ . 
Substituting lal=lvl'/Agives 
IF! =niv\Vr 
-80N 

(rounded off to one sig fig). 

Exampie: Don 't hug the center line on a curve! 
Question: You're driving on a mountain road with a steep drop 
on your right. When making a left turn, is it safer to hug the 
center line or to stay ck>ser to the outside of the road? 
Solution: You want whichever choice involves the least accel- 
eration, because that will require the least force and entail the 
least risk of exceeding tfie maximum force of static friction. 
Assuming the curve is an arc of a circle and your speed is 
constant, your car is performing uniform circular motion, with 
\tk-\yf?lr The dependence on the square of the speed shows 
that driving slowly is the main safety measure you can take, but 
for any given speed you also want to have the largest possible 
value of r Even though your instinct is to keep away from that 
scary precipice, you are actually less likely to skid if you keep 
toward the outside, because then you are describing a larger 
circle. 



Example: acceleration related to radius and period of rotation 
Question: How can the equation for the acceleration in uniform 
circular motion be rewritten in terms of the radius of the circle 
and the period. T. of the motion, i.e. the time required to go 
around once? 

Solution: The period can be related to the speed as follows: 

1^ _ circumference 
m - J 

= 2nxrT . 

Substituting into the equationlal=lvlV/'gives 
4ji2r 




Example: a clothes dryer 

Question: My clothes dryer has a drum with an inside radius of 
35 cm, and it spins at 48 revolutions per minute. What is the 
acceleration of the clothes inside? 

Solution: We can solve this by finding the period and plugging in 
to the result of the previous example. If it makes 48 revolutions in 
one minute, then the period is 1/48 of a minute, or 1 .25 s. To get 
an acceleration in mks units, we must convert the radius to 0.35 
m. Plugging m. the result is 8.8 m/s^. 
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Example: more about clothes dryers! 
Question: In a discussion question in the previous section, we 
made the assumption that the clothes remain against the inside 
of the drum as they go over the top. In light of the previous 
example, is this a correct assumption? 

Solution: No. We know that there must be some minimum speed 
at which the motor can run that will result in the clothes just 
barely staying against the inside of the drum as they go over the 
top. If the clothes dryer ran at just this minimum speed, then 
there would be no normal force on the clothes at the top: they 
would be on the verge of losing contact. The only force acting on 
them at the top would be the force of gravity, which would give 
them an acceleration of ^9.8 m/s^ The actual dryer must be 
running slower than this minimum speed, because it produces an 
acceleration of only 8.8 m/s^. My theory is that this is done 
intentionally, to make the clothes mix and tumble. 



Discussion Question 

A A certain amount of force is needed to provide the acceleration of circular 
n otion. What if were are exerting a force perpendicular to the direction of 
motion In an attempt to make an object trace a circle of radius r, but the force 
isn't as big as rri^^H 

B Suppose a rotating space station is built that gives Its occupants the Illusion 
of ordinary gravity. What happens when a person in the station lets go of a 
t>all? What happens when she throws a ball straight "up" In the air (I.e. towards 
the center)? 





An artist's conception of a rotating space 
colony in the form of a giant wheel. A 
person living in this noninertiai frame ok 
reference has an illusion of a force pull- 
ing her outward, toward the deck, for the 
same reason that a person in the pickup 
truck has the illusion of a force pulling 
the bowling ball By adjusting the speed 
of rotation, the designers can make an 
acceleration I /-equal to the usual ac- 
celeration of gravity on earth. On earth, 
your acceleration standing on the ground 
is zero, and a falling rock heads for your 
feet with an acceleration of 9 8 m/s'. A 
person standing on the deck of the space 
colony has an ^/7tf9/T/acceleratK)n of 9.8 
m/S', and when she lets go of a rock. 
her feet head up^X the nonaccelerating 
..ijrock To her. It seems the same as true 
gravity. 
Art by NASA. 
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9.3 Nonuniform Circular IVIotion 




Ar> object moving in a circle may 
speed up (top), keep the magnitude 
of Ks velocity vector conslMtdmiildto), 
or elow down (bodoni)* 



Whatahout nonuniform circular motion? A!thouv;h so tar wc have been 
dwcusring components of vectors along fixed x and^ axes, it now becomes 
convenient to discuss components of the acceletation vector along the radial 
line On-ou^ >nd die Mi^mtU line (■long diediRKd^ 
noniiniform circular motion, the radial component of the a O O tlci ' Mli oo 
olicyi the same equation as for uniform ciicular motion. 

- HVr . 

but the acceknuion vectOf abo ha» a tangfntiel axnponent, 

«, -alopeofdiegi^of|ii|¥enaic . 

Hie kner quiidQr has a simple i menw e u tion. If you are going aimmd a 
curve in your car, and the speedometer needle is moving, the tangential 
component of the acceleration vector is simply what you would have 
dtoi^gltt the aooelenttion if foa anr die apeedomeier and didn^ 
you were going aioimd a curve. 

E)aunp/e: Slow down b^ore a turn, not during M. 
Question: When you're making a turn in your car and you'll 
afraid you may skid, isn't it a good idea to stow down? 
Solution: If tfie turn iB an aic of a drels, and yoijVB tfratdy 
completed part of the turn at constant speed without skidding, 
tfien the road and tires are apparently capable of enough static 
fchaiontoaiipplyanicwilDmtootli^V/rTheiel^ 
you would skid out now if you haven't already. If you get nervous 
and brake, however, then you need to have a tangential accel- 
ofBilion componont In addWon tottw fsdW oompononi you won 
already able to produce successfully. This would require an 
acceleration vector with a greater magnitude, which in turn would 
require a larger fotoa. Static friction might not Iw able to supply 
that much force, and you might skid out. As in the previous 
example on a similar tope, the safe ttiing to do is to approach the 
turn at a comfortat)iy low speed. 
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Summary 



Selet^ Vocabulary 

uniform circular motion circular motion in which the magnitude of the velodqr vector remains 

conitsiit 

jMMumifbnn diailar modon ~. dtcular motion in which the magnitude of the vdodtjr vector 

radial parallel to the radius of a circle; the in-oiit direction 

tangoitial ............................ tangent to the circle, perpendicular to the radial direction 

Notation 

ndialaooeleniionatlieooiiipiuKntofdieaoodieniioa^^ 

oittdincdoo 

4^ tangential accdention; the component of the accderation vector tang^ic 

to the cirde 

Sumnwy 

If an object is to have circular motion, a force must be exerted on it toward the center of the circle. There is 
no outward force on the object; the illusion of an outward force comes from our experiences m which our point 
of vtow WW raWkig. to that W0n vlm^ 

An otfacl iffideigoirio urilbfm diailar mo^ 




In nonuniform circular motion, the radial and tangential components of the acceleration vector are 

a, = \v\'/r 

^ s slope of the graph of l¥i versus t . 
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Homework Problems 



aom 



of travel 




B 



1. When you're done using an electric mixer, van can get most of the 
battex off of the beaters In lifting them out of the batter with the motor 
: a cnougii !>pced Let's imagine, to malte things easier to 
, ihat we instead have a pieoe of tape stock to one of the beaten. 

(a) Explain why static friction has no effect on whether or not the tape 
flies off. (b) Suppose you find tiiat tlic tape doesn t fly off when the motor 
is on a low speed, but speeding it up docs cause it to fly off. Why would 



rnjoMin o. 



2.SlMNirtliatdieeipteMaon|»jVr has the units of s 

3 /. A plane is fkwm in a loop-1ll^4oop of mfiw 1.00 hn. Tlie plane 

starts out flying upside-down, straight and level, then begins cumog up 
along the circular loop, and is right-side up when it reaches the top . (The 
plane nuy slow down somcwtut on the way up.) How fast must the plane 
be going at tiie top if the pilot is to experience no force from tlie scat or 
die aeadtek wUle at the top of tiie toap? 

4 /. In tliis prablan, youH derive the equation using calcuhis. 
Instead of comparing velocities at two poina in the parade's motion and 

then taking a limit where the points are close together, you'll just take 

derivatives. The particle's position vector is r=(rcos 6)* -f (rsin 9)j^ , 
w he re * and Jf arc tlie unit vectors along the x and y axes. By the defini- 
tion of radians, the distance traveled since t^Q is so if tlic panicle is 
tnwdit^ at constant speed t»|v|, we have i^yO/l; (a)Eliniinate8tDgecthe 
patdde's poMtion vector as a function of time, (b) Find the paitide'a 
acceleration vedoi; (c) Shoir that the m^inidr of the a oo ekiati o n veoor 
equals j'*7r. 

5 S. Three cyclists in a race arc rounding a semicircular curse. At the 
moment depiaed, cydist A is usmg her brakes to apply a lotcc of 375 N 
toherhiiiB. Gfc&cBiaaMMing. QfdistCispeddL^ icsdthigina 
force of 375 N on her bike. Each cydist, with her bike, has a mass of 75 
kg. At the insr.mt <ho\vn. the instantaneous speed of all three cyclists is 10 
m^s. On (he diagram, draw each cyclist's acceleration vector with its tail 
on top of her ptcsent positkm. tndkating ifae dnectMNis and kngdis 
lessonably accurately. Indicate appnnimaidjr die consistent sca l e yw i aae 
using for all three acceleration srctors. Extreme precision is not nccessaijr 
as long as the directions arc approximately right, and lengths of vectors 
that should be equal appear roughly equal, efic. Amme all three cydists 
aiemveliagabngthc road all the time, not wandering aaossdieir lane or 
wiping out and going off tlie load. 



S A aohltioa is given in the back of the booL 1^ A difficult problem. 

/ A oomputeiized answer check is available. / AprablemthatiequiieBcakukii. 

noniMsoiK nwMfiiB ivi 
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6 S*^. The anuMinem paik ride Acmn in the %uie ooQ«m of ^ 
cal loom due locates about its vcnical axis. When the rotation is fast 
enough, a person against the wall cin pick his or her feet Up off the floor 
and remain "stuck" to the wall without falling. 

(a) Si^ipote the rotation rewhs in the pefsoo having a speed p. The Radius 
of the cytintler it r, the peina's maM k Ht. die domnnri 

gnvity is g, and the cocflFicicnt of static friaion between the person and 
the wall is . Find an equation for the speed, p, required, in terms of the 
other variables. (You will fmd that one of the variables cancels out.) 

(b) Now suppoee two peofikaieriduig die ride. Hii3f it weaung denim, 
and Gina is wearing polyester, so Huys coefficient of static friction is three 
limes greater. The ride starts from rest, and as it begins rotating faster and 
£uter, Gina must wait longer before being able to lift her feet without 
sliding to the flooc. Bated (m your equation from pan a, iiow many ttme* 
greater tnutc the ipeed be befeie Gina can lift her ftet iridioitt tlkli^ 
down? 

7 S. An cMi;inccr is designing a curved ofT-ramp for a freeway. Since the 
off-ramp is curved, she wants to bank it to make it less likely that motor- 
ists gping too (ur will wipe out. Ififaendiusofthe curve it r, how gjreat 
diould tile tianking ai^^ 0, be so that for a c.ir i;»ingacatpeed v, no 
tttric fricrion force whatsoever is required to allow the car to make the 
owe? Sute your answer in terms of v, r, and ^ and siiow that tiie mass of 
the car is irrelevant. 

8 f/. Uonel brand toy trains come with sections of crack in standard 
lengtlu and diapes. For dicubr ans, die moR commonly tned aectiont 
have <lMimN»tM of 6fi and 1067 mm at the inside of the outer rail. The 
maximum speed at which a train can take the broader curve without flyil^ 
off the tracks is U.93 m/s. At what speed must the train be operated to 
avoid detailing on dherighiiercunHrf 

9. The figureahowsabaDonthecodofaairii^oflen0diZ^anadiediDa 
verticil! rod which is spun about hs vertical axit bjr a motor. The period 
(time Car one rotation) it P. 

(a^ Anatjw die ibffoei m which die baO panicipaMs. 

(b/) Find how the angle 9 depends on P, g, and L [Hints: (1) Write down 
N e w lMU rt second law for the vertical ini! hnri /onral components of force 
and aooderation. 1 his gives tv^o equations, which can be solved for the 
two unknownt, 0 aiid die Ktttion m die tiring U) If yott intiodiloe 
variaUet like V and n relate them ro the variaUet yoiir aolurion it ttippoted 
to contain, and eliminate them.) 

(c) What happens mathematically to your solution if the motor is run very 
slowly (very latgp values otJy. Physically, what do you think would 
actually happen m tfait cat^ 
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10. ^ychoiogy profe9MirR.O. Dent requests funding for an experiment 

on compulsive thrill-sccking behavior in hamsters, in which the subject is 
to lie .itt K hcil tii the end of a >.pring ,ind whirled around in a horizontal 
circle. The spring has equilibrium length b, and obeys Hookc's law with 
spring connant ii'. It is adff enough w hup fioni bending significantly 
under die hanmn's wdglic. 

(a/) Cdculate die lei^fii of die ipring^riien k k nndciigoingai^^ 
dioilar motion in whidioiieiioaiioiicakeaadflae TIE^MeMfouriesuk 

in terms of k, b, and T. 

{h) The ethics committee somehow fails to veto the experiment, but the 
safcf}- comminee expresses concern. Why? Does your equadon do any- 
diing unumal, ot cten yerianihr, fee any pankaihr wJue of 7? Whttdo 
you diink k db piqnkd alpuficaace of tfak 1^ 

11 A. The figne ahows an old-fidiioned devKK called a flyfaaO go^^ 
uaed fiir keeping an engine running at the correct speed. The whole dui^ 

rotates about the vertical shaft, and the mass Af is f ree to slide up and 
down. This mass would have a connection (not shown) to a valve that 
comroUed the engine. I( for inwanoe, die enghie lan too fiut, die man 
would fne> onmng die cof^oe to Amt back down. 

(lO Show diat ki die apecnl case of iMK die an^ 6 k gpven bf 

where P is the period of roution (time required for one complete rou- 

doo). 

(b) There k no doied-fenn aohttkMi for 6 in the general case where a is 
not zero. However, expkin how the undeikable low-cpeed bdiaivkir of die 
#iiO dcvke wottkl be improved b]r nuddiig « nooieia 

(Baaed on an esBunple bjr JJi den Hartng.) 

12>^. The figure shows two blocks of masses m, and alidu^ in circles 

on .1 frictionless r.ible Find the tension in the strings if thepetkldof 

rnt.ition (turn- recjuired tor one complete roution) is /''. 

13. 1 he acceleration ot an object in uniform circular motion can be given 
either by [<|=|i»j-7r or, equivalendy, by \a\m4K'rir-, where 7 is the time 
required for one c^de. (The hner eipRsrion oomei aknplf Irom aubsdoK- 
k^ jB^"di$tancc/time=circumference/r=2Jtr/7'into the first expression.) 
Betson A says based on the first equation that the acceleration in circular 
fflodon is greater when the circle is smaller. Person B, arguing from the 
jeoond equatiao, nyi that the aoo cl et i tion it tmaEer when the dfde is 
smaller. Rewrite the two statements so that they are less misleading, 
d in a n ad n g the supposed paradox. (Based on a problem by Arnold Aroni.] 
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Gravity IS the only really important force on the cosmtc scale Lett: a false-color image of satum's rings, composed of innu- 
nnerable tiny ice particles orbiting in circles under the influerKe of satum's gravity. Right: A stellar nursery, the Eagle r^ebula. 
Each pillar of hydrogen gas is about as tall as the diameter of our entire solar system. The hydrogen molecules all attract 
each other through gravitational forces, resulting in the formation of dumps that contract to form new stars. 

10 Gravity 

Cruise >'our radio dial today and try to find any popular song that 
would have been imaginable without Louis Armstrong. By introducing solo 
improvisation into jazz, Armstrong took apan the jigsaw puzzle of popular 
music and fit the pieces back together in a different way. In the same way, 
Newton reassembled our view of the universe. Consider the titles of some 
recent physics books written for the general reader The God Particle, 
Dreams of a Final Theory. When the subatomic particle called the neutrino 
was recently proven for the first time to have mass, specialists in cosmology 
began discussing seriously what effect this would have on calculations of the 
ultimate fate of the uni%'erse: would the neutrinos' mass cause enough extra 
gravitational attraction to make the universe eventually stop expanding and 
fall back together? ^X^thout Newton, such attempts at universal understand- 
ing would not merely have seemed a litde pretentious, they simply would 
not have occurred to anyone. 

This chapter is about Newton's theor)' of gravity, which he used to 
explain the motion of the planets as they orbited the .sun. Whereas this 
book has concentrated on Newton's laws of motion, leaving gravity as a 
dessen, Newton tosses off the laws of motion in the first 20 pages of the 
Principia Mathematica and then spends the next 1 30 discussing the motion 
of the planets. Clearly he .saw this as the crucial scientific focus of his work. 
Why? Because in it he showed that the same laws of motion applied to the 
heaveiu as to the eanh, and that the gravitational force that made an apple 
(all was the same as the force that kept the earth's motion from carrying it 
away from the sun. What was radical about Newton was not his laws of 
motion but his concept of a universal science of physics. 
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10.1 Kepler's Laws 




Tycho Brahe made his name as an 
astronomer by showing that the bnght 
new star, today called a supernova, 
that appeared in the skies in 1 572 was 
far beyond the Earth's atnDosphere. 
This, along with Galileo's discovery of 
sunspots. showed that contrary to Ar- 
istotle, the heavens were not perfect 
and unchanging. Brahe's fame as an 
astronomer brought him patronage 
from King Frederick II. allowing him to 
carry out his historic high-precision 
measurements of the planets' motions. 
A contradictory character. Brahe en- 
joyed lectunng other nobles about the 
evils of dueling, but had lost his own 
nose in a youthful duel and had it re- 
placed with a prosthesis made of an 
alloy of gold and silver Willing to en- 
dure scandal in order to marry a peas- 
ant, he nevertheless used the feudal 
powers given to him by the king to 
impose harsh forced labor on the in- 
habitants of his parishes. The result 
of their work, an Italian-style palace 
with an observatory on top, surely 
ranks as one of the most luxurious 
science labs ever built. When the king 
died and his son reduced Brahe's privi- 
leges. Brahe left in a huff for a new 
posit)on in Prague, taking his data with 
him. He died of a ruptured bladder af- 
ter falling from a wagon on the way 
home from a party — in those days, it 
was considered rude to leave tfie din- 
ner table to relieve oneself. 



Newton wouldn't have been able to figure out why the planets move the 
way they do if it hadn't been for the astronomer Tycho Brahe ( 1 546-1601) 
and his protege Johannes Kepler (1571-1630), who together came up with 
the first simple and accurate description of /wu/ the planets actually do 
move. The difficulty of their task is suggested by the figure below, which 
shows how the relatively simple orbiul motions of the earth and Mars 
combine so that as seen from eanh Mars appears to be staggering in loops 
like a drunken sailor. 



Jul 1 



Jun 1 



Feb 1 




Jan 1 



,' As the earth 
/' and Mars 
/' revolve around 
/'the sun at different 
rates, the combined 
' effect of their motions 
makes Mars appear to 
trace a strange, looped 
path across the back- 
ground of the distant 
stars. 



Mars' ort}<t 



Brahe, the last of the great naked-eye astronomers, collcacd extensive 
data on the motions of the planets over a period of many years, taking the 
giant step from the prc%-ious observations' accuracy of about 10 seconds of 
arc (10/60 of a d^rce) to an unprecedented 1 second. The quality of his 
work is all the more remarkable considering that his observatory consisted 
of four giant brass protractors mounted upright in his castle in Denmark. 
Four different observers would simultaneously measure the position of a 
planet in order to check for mistakes and reduce random errors. 

With Brahe's death, it fell to his former assisunt Kepler to try to make 
some sense out of the volumes of data. Kepler, in conrradiaion to his late 
boss, had formed a prejudice, a correct one as it turned out, in favor of the 
theory that the earth and planets revolved around the sun, rather than the 
earth staying fixed and everything rotating about it. Although motion is 
relative, it is not just a matter of opinion what circles what. The earth's 
roution and revolution about the sun make it a nonincrtial reference frame, 
which causes detectable violations of Newton's laws when one attempts to 
describe sufficiently precise experiments in the eanh-fixcd frame. Although 
such direa experiments were not carried out until the 19th century, what 
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An ellipse is a circle that has been dis- 
torted by shrinking and stretching 
along perpendicular axes. 




An ellipse can be constructed by tying 
a sthng to two pins and drawing like 
this with the pencil stretching the stnng 
taut. Each pin constitutes one locus 
of the ellipse. 




convinced c\xryonc of the sun-centered system in the 1 7th century was that 
Kepler was able to come up with a surprisingly simple set of mathematical 
and geometrical rules for describing the planets' motion using the sun- 
centered assumption. After 900 pages of calculations and many false starts 
and dead-end ideas, Kepler finally synthesized the data into the following 
three laws: 

Kepler's elliptical orbit law: The planets orbit the sun in elliptical orbits 
with the sun at one focus. 

Kepler's equal-area law: The line conneaing a planet to the sun sweeps 
out equal areas in equal amounts of time. 

Kepler's law of periods: The time required for a planet to orbit the sun, 
called its period, is proponional to the long axis of the ellipse raised to 
the 3/2 power. The constant of proportionality is the same for ail the 
planets. 

Although the planets' orbits are ellipses rather than circles, most are very 
close to being circular. The earth's orbit, for instance, is only flanened by 
1 .7% relative to a circle. In the special case of a planet in a circular orbit, 
the two foci (plural of "focus ") coincide at the center of the circle, and 
Kepler's elliptical orbit law thus says that the circle is centered on the sun. 
The equal-area law implies that a planet in a circular orbit moves around 
the sun with constant speed. For a circular orbit, the law of periods then 
amounts to a statement that the time for one orbit is proportional to r"*, 
where r is the radius. If all the planets were moving in their orbits at the 
same speed, then the time for one orbit would simply depend on the 
circumference of the circle, so it would only be proportional to r to the first 
power. The more drastic dependence on r"- means that the outer planets 
must be moving more slowly than the inner planets. 



If the time interval taken by the planet to move from P to 0 is equal to the time 
interval from R to S, then according to Kepler's equal-area law. the two shaded 
areas are equal The planet is moving faster dunng interval RS than it dkj dunng 
PQ, which Newton later determined was due to the sun's gravitational force accel- 
erating it. The equal-area law predicts exactly how much it will speed up. 



10.2 Newton's Law of Gravity 



The sun's force on the planets obeys an inverse square law. 

Kepler's laws were a beautifully simple explanation of what the planets 
did, but they didn't address why they moved as the)- did. Did the sun exert a 
force ilut pulled a planet toward the center of its orbit, or, as suggested by 
Descartes, were the planets circulating in a whirlpool of some unknown 
liquid? Kepler, working in the Aristotelian tradition, hypothesized not just 
an inward force exerted by the sun on the planet, but also a second force in 
the direction of motion to keep the planet ftom slowing down. Some 
speculated that the sun attracted the planets magnetically. 

Once Newton had formulated his laws of motion and taught them to 
some of his friends, they began trying to connect them to Kepler's laws. It 
was dear now tliat an inward force would be needed to bend the planets' 
patiis. TTiis force was presumably an attraaion between the sim and each 
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planet. (Althov^ die wn doa aoodenne in laponie co die amacdont of 
die planets, its mast it ao greac that the effect had never been detected by 

the prcncwtonian astronomers.) Since the outer planets were moving slowly 
along more gently curving paths than the mner planets, their accelerations 
were apputntiy less. This owld be ^ffV"*** if the sun's fiiioc was dcttP* 

mined by disuncc, bccomlngwcaker fiir the farther planets. Physicists were 
also familiar with the noncontact forces of electricity' and magnedsoii and 
knew that they tell off rapidly with distance, so this made sense. 

In the approximation of a circular orbiCi the magnitude of the sun's 
force on the planet would have to be 

F = ma = mj'^/r . (]) 

Now although this equation has the magnitude, v, of the velocity veaor in 

tidiat hfewton eiqiected im that diere wiNdd Ix a oioiR fu^ 
nndei^ring equation for die force of die sun on a planei; and that tliat 

equatiofi would involve the distance from the sun to the object, but not 
the objea s speed, » — mocion doesn t make objeos lighter or hcaviet. 

Self-Check 

If eq. (1) really was generally apploabto, what would happen to an object 
tini 




Equation (I) was thus a useful piece of information which could be 

ICiSBBO vD QIC QKhI OD iDC PHDBiv HDIDBr OCCBDIC vDC DHDIRS a^lDDCDBKI wv W 

gpii^ in nearly circular orbits, but Newton wanted to combine it wnth other 
equations and eliminate p algpbcaicattjr in older to find a deqier trutli. 

To diminate 9, Neiram used the eqnatioa 



T 

of course this equation would also only be \ iliil for planets in nead^ 
circular orbits. Plugging this into eq. (1) to eliminate v gives 

P - . (3) 

Hiis mifesninaseiy has the aide effect of biinging in the period, T, which we 
cxpca on similar physical grounds will not occur in the final answer. That's 
where the circular-orbit case. Toe r"^, of Kepler's law of periods comes in. 
Using it to eliminate T gives a result that depends only on the mass of the 
planet and its distance fiom the son: 

F « mfi^ , (feiceofthesunonaplaiietof 

BUNI IR at a distance r fiom die stm; 
same proporrionaliqr oooscant §at all 

the planets ] 

(Since Kepler's law of periods is only a proportionaUty, the final result is a 
prupurtionahty tidier thaii an eqnaaoii, and ifaeie Is ifaii ao point In 
hangpng on to the fiKior of 4**.) 

l tw^JUMl iiyWtwiwM.W^Wl"ft »'^W»*^(') ^*^fl^ 
wouMnawirtallniotheaun.No aa<i en B marhnJawai'Oh B WV»dnnflti<tc t Mii l 



CtaplarlO Gnwiy 

Copyrighted material 



60 



r 




As an example, the "twin planets" Uranus and Neptune have nearly the 
same mass, but Neptune is about twice as far from the sun as Uranus, so the 
sun's gravitational force on Neptune is about four times smaller. 

The forces between heavenly bodies are the same type of 
force as terrestrial gravity 

OK, but what kind ot force was it? It probably wasn't magnetic, since 
magnetic forces have nothing to do with mass. Then came Newton's great 
insight. Lying under an apple tree and looking up at the moon in the sky, 
he saw an apple fall. Might not the earth also attract the moon with the 
same kind of gravitational force? The moon orbits the canh in the same way 
that the planets orbit the sun, so maybe the canh's force on the falling 
apple, the canh's force on the moon, and the sun's force on a planet wete all 
the same type of force. 

There was an easy way to test this hypothesis numerically. If it was true, 
then we would expect the gravitational forces cxcncd by the earth to follow 
the same f^mlr rule as the forces exerted by the sun, but with a different 
constant of proportionalit)- appropriate to the earth's graviutional strength. 
The issue arises now of how to define the distance, r, between the canh and 
the apple. An apple in England is closer to some pans of the earth than to 
others, but suppose we take r to be the distance from the center of the earth 
to the apple, i.e. the radius of the eanh. (The issue of how to measure rdid 
not arise in the analysis of the planets' motions because the sun and planets 
arc so small compared to the distances separating them.) Calling the 
prof)ortionality constant k, we have 

F. , = k m , I r ^ 

ana m appc Tf**' eann 

F ^ = km Id 2 



Newton's second law says a^Flm, so 
^kld 



The Greek astronomer Hipparchus had already fbiuid 2000 years before 
that the distance from the canh to the moon was about 60 times the radius 
of the earth, so if Newton's h\'pothcsis N^-as right, the acceleration of the 
moon would have to be 60-=3600 times less than the accderaiion of the 
billing apple. 

Applying a^i?\r to the acceleration of the moon yielded an acceleration 
that was indeed 3600 times smaller than 9.8 m/s*. and Newton was con- 
vinced he had unlocked the secret of the mysterious force that kept the 
moon and planets in their orbits. 

Newton's law of gravity 

The proportionality /«m/r for the graviutional force on an object of 
mass m only has a consistent proportionality constant for various objects if 
they are being aaed on by the gravity of the same object. Clearly the sun's 
gravitational strength is far greater than the earth's, since the planets all orbit 
the sun and do not exhibit any very large accelerations caused by the eanh 
(or by one another). What property of the sun gives it its great gravitational 
strength? Its great volume? Its great mass? Its great temperature? Newton 
reasoned that if the force was proportional to the mass of the object being 
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1 m 



The gravitabonal attraction between 
two 1 -kg masses separated by a dis- 
tance of 1 m is 6.67x10" N. Do not 
memorize this number! 



acted on, then it would also make sense if the determining factor in the 
gravitational strength of the object exerting the force was its own mass. 
Assuming there were no other factors affecting the gravitational force, then 
the only other thing needed to make quantitative predictions of gravita- 
tional forces would be a proportionality constant. Newton called that 
proportionality constant G, and the complete form of the law of gravity he 
hypothesized was 

F= Gm^mjr . \ gravitational force between objects of mass 
»ii and m,, separated by a distance r, r is not 
the radius of anything ] 

Newton conceived of gravity as an attraaion between any two masses in the 
universe. The constant G tells us the how many newtons the attractive force 
is for two 1 -kg masses separated by a distance of 1 m. The experimental 
determination of G in ordinary units (as opposed to the special, nonmetric, 
units used in astronomy) is described in section 10.5. This difficult mea- 
surement was not accomplished until long afxer Newtons death. 

Example: The units ofG 

Question: What are the units of Gi 

Solution: Solving for G\x\ Newton's law of gravity gives 




Computer-enhanced images of Pluto 
and Charon, taken by the Hubble 
Space Telescope. 



so tf)e units of (Smust t>e N m ^/ kg ^ Fully actomed with units, 
thevalueof G is6.67xia" N m»/kg^ 

Example: Newton 's third law 

Question: Is Newton's law of gravity consistent with Newton's 
third law? 

Solution: The third law requires two things. First. /77,'s force on 
m^ should be the same as /tt^'s force on /r?,. This works out. 
because the product m^m^ gives the same result if we inter- 
change the labels 1 and 2. Second, the forces should be in 
opposite directions. This condition is also satisfied, because 
Newton's law of gravity refers to an attraction: each mass pulls 
the other toward itself. 

Example: Pluto and Charon 

Question: Pluto's moon Charon is unusually large considering 
Pluto's size, giving them the character of a double planet. Their 
masses are 1.25x10^ and 1.9x19^' kg, and their average dis- 
tance from one another is 1 .96x1 (>* km. What is the gravitational 
force between them? 

Solution: If we want to use the value of ^expressed in SI 
(meter-kilogram-second) units, we first have to convert the 
distance to 1 .96x1 0' m. The force is 

(6.67x10-" ^-^?'J(l.25x lO^'kgjll.Sx 10'' kg) 



(l.96x10'm) 



= 4.1x10'»N 



190 



Chapter 10 Gravity 



lateria! 




hypertx>la 



ellipse 



circle 



The conic sections are the curves 
made by cutting the surface of an infi- 
nite cone with a piane. 




A 



An imaginary cannon able to shoot 
cannont}alis at very high speeds is 
placed on top of an imaginary, very 
tall mountain that reaches up above 
the atmosphere. Depending on the 
speed at which the bait is fired, it may 
end up in a tightly curved elliptical or- 
bit, a, a circular orbit, b, a bigger ellip- 
tical orbit, c, or a nearly straight hy- 
pertx>lic orbit, d. 



The proportionality to in Newton's law of gravity was not entirely 
unexpected. Proportionalities to l/r' are found in many other phenomena 
in which some effect spreads out from a point. For insunce, the intensity of 
the light from a candle is proponional to l/r', because at a distance r from 
the candle, the light has to be spread out over the surface of an imaginary 
sphere of area 4jtr. The same is true for the intensity of sound from a 
firecracker, or the intensity of gamnu radiation enutted by the Chernobyl 
reactor. It's important, however, to realize that this is only an analogy. Force 
does not travel through space as sound or light docs, and force is not a 
substance that can be spread thicker or thinner like butter on toast. 

Although several of Newton's contemporaries had speculated that the 
force of gravity might be proportional to none of them, even the ones 
who had learned Newton's laws of motion, had had any luck proving that 
the resulting orbits would be ellipses, as Kepler had found empirically. 
Newton did succeed in proving that elliptical orbits would result from a l/r* 
force, but we postpone the proof until the end of the next volume of the 
textbook because it can be accomplished much more easily using the 
concepts of energy and angular momentum. 

Newton also predicted that orbits in the shape of hyperbolas should be 
possible, and he was right. Some comets, for instance, orbit the sun in very 
elongated ellipses, but others pass through the solar system on hyperbolic 
paths, never to return. Just as the trajeaory of a faster baseball pitch is 
flaner than that of a more slowly thrown ball, so the curvature of a planets 
orbit depends on its speed. A spacecraft can be launched at relatively low 
speed, resulting in a circular orbit about the earth, or it can be launched at a 
higher speed, giving a more gently curved ellipse that reaches farther from 
the earth, or it can be launched at a very high speed which puts it in an 
even less curved hyperbolic orbit. As you go very far out on a hyperbola, it 
approaches a straight line, i.e. its curvature eventually becomes nearly zero. 

Newton also was able to prove that Kepler's second law (sweeping out 
equal areas in equal time intervals) was a logical consequence of his law of 
gravity. Newton's version of the proof is moderately complicated, but the 
proof becomes trivial once you undersund the concept of angular momen- 
tum, which wrill be covered later in the course. The proof will therefore be 
deferred until section 5.7 of book 2. 
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Self-Check 

Which of Kepler's laws would it malce sense to apply to hypert>olic ortjits? 

Discussion Questions 

^^^^^^ A r)ow could Newton find the speed of the moon to plug in to *:»^//? 
IPP^BHj B Two projectiles of different niass shot out of guns on the surface of the earth 
^^^^^^f ai the same speed and angle will follow the same trajectones. assuming that 
air friction is negligible. (You can verify this by throwing two objects together 
from your hand and seeing if they separate or stay side by side.) What 
corresponding fact would be tnje for satellites of the earth having different 
masses? 

C. What is wrong with the following statenrtent? "A comet in an elliptical orbit 
speeds up as it approaches the sun, because the sun's force on it is increas- 
ing." 

D. Why would it not make sense to expect the earth's gravitational force on a 
bowling ball to be inversely proportional to the square of the distance between 
their surfaces rather than their centers? 

E. Does the earth accelerate as a result of the moon's gravitational force on it? 
Suppose two planets were bourxJ to each other gravttationally the way the 
earth and moon are, but the two ptanets had equal masses. What would their 
motion be like? 

F. Spacecraft normally operate by firing their engines only for a few minutes at 
a tinrie, and an interplanetary probe will spend months or years on its way to its 
destination without thrust. Suppose a spacecraft is in a circular orbit around 
Mars, and it then briefly fires its engines in reverse, causing a sudden de- 
crease in speed. What will this do to its orbit? What about a forward thrust? 

1 0.3 Apparent Weightlessness 

If you ask somebody at the bus stop why astronauts arc weightless, 
you'll probably get one of the following two incorrect answers: 

( 1 ) They're weightless because they're so lar from the earth. 

(2) They're weightless because they're moving so fast. 

The first answer is wrong, because the vast majority of astronauts never get 
more than a thousand miles from the earth's surface. The reduction in 
gravity caused by their altitude is significant, but not 100%. The second 
answer is wrong because Newton's law of gravity only depends on distance, 
not speed. 

The correct answer is that astronauts in orbit around the earth arc not 
really weightless at all. Their weightlessness is only apparent. If there was no 
gravitational force on the spaceship, it would obey Newton's first law and 
move off on a straight line, rather than orbiting the eanh. Likewise, the 
astronauts inside the spaceship are in orbit just like the spaceship itself, with 
the earth's gravitational force continually twisting their velocity vectors 
around. The reason they appear to be wcighdcss is that they arc in the same 
orbit as the spaceship, so although the earth's gravity curves their trajectory 
down toward the deck, the deck drops out from under them at the same 
rate. 




the equal-area law makes equally good sense in the case of a hypertjoiic orbit (and observations venty it). I r>e 
ellipt>cal orbit law had to be generalized by Newton to include hypertx}las. The law of penods doesn't make sense 
in the case of a hypertx>lic orbit, because a hypertx>la never closes back on itself, so the motion never repeats. 
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Apparent weightlessness can also be experienced on earth. Any time you 
jump up in the air, you experience the same kind of apparent weightlessness 
that the astronauts do. While in the air, you can lift your arms more easily 
than normal, because gravity docs not make them fall any faster than the 
rest of your body, which is filling out fiom under them. The Russian air 
force now takes rich foreign tourists up in a big cargo plane and gives them 
the feeling of weightlessness for a short period of time while the plane is 
nose-down and dropping like a rock. 

10.4 Vector Addition of Gravitational Forces 

Pick a flower on earth and you move the farthest star. 

Paul Dtrac 

When you stand on the ground, which pan of the earth is pulling down 
on you with its gravitational force? Most people are tempted to say that the 
effect only comes from the pan direcdy under you, since gravity always 
pulls straight down. Here are three observations that might help to change 
your mind: 

• If you jump up in the air, gravity does not stop affecting you just 
because you arc not touching the canh: gravity is a noncontact force. 
That means you are not immune from the gravity of distant parts of 
our planet just because you are not touching them. 

• Gravitational effects are not blocked by intervening matter. For 
instance, in an eclipse of the moon, the canh is lined up direaly 
between the sun and the moon, but only the sun's light is blocked 
from reaching the moon, not its gravitational force — if the suns 
graviutional force on the moon was blocked in this situation, 
astronomers would be able to tell because the moons acceleration 
would change suddenly. A more subtle but more easily observable 
example is ttiat the tides arc caused by the moon's gravity, and tidal 
effects can occur on the side of the eanh facing away from the moon. 
Thus, far-off pans of the earth arc not prevented from attracting you 
with their gravity just because there is other stuff between you and 
them. 

• Prospectors .sometimes search for underground deposits of dense 
minerals by measuring the direction of the local gravitational forces, 
i.e. the direction things fall or the direction a plumb bob hangs. For 
instance, the gravitational forces in the region to the west of such a 
deposit would point along a line slighdy to the east of the eanh's 
center. Just because the total gravitational force on you points down, 
that doesn't mean that only the pans of the earth directly below you 
arc anracting you. It's just that the sideways components of all the 
force vectors acting on you come very close to canceling out. 

A cubic centimeter of lava in the earth's mantle, a grain of silica inside 
Mt. Kilimanjaro, and a flea on a cat in Paris arc all attracting you with their 
gravity. What you feel is the vector sum of all the gravitational forces 
excned by all the atoms of our planet, and for that matter by all the atoms 
in the universe. 





Gravity only appears to pull straight 
down tjecause the near perfect sym- 
metry of the earth makes the sideways 
components of the total force on an 
object cancel almost exactly. If the 
symmetry is broken, e.g. by a dense 
mineral deposit, the total force is a little 
off to the side. 
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An object outside a spherical shell of 
mass will feel gravitational forces from 
every part ol the shell — stronger 
forces from the closer parts and 
weaker ones from the parts farther 
away. The shell theorem states that 
the vector sum of all the forces is the 
same as if all the niass had been con- 
centrated at the center of the shell. 



When Newton tested his theory of gravity by comparing the orbital 
acceleration of the moon to the acceleration of a falling apple on earth, he 
assumed he could compute the earth's force on the apple using the distance 
from the apple to the earth's center. Was he wrong? After all, it isn't just the 
eanh's center attracting the apple, it's the whole earth. A kilogram of din a 
few feet under his backyard in England would have a much greater force on 
the apple than a kilogram of molten rock deep under Australia, thousands 
of miles away. There's really no obvious reason why the force should come 
out right if you just pretend that the eanh's whole mass is concentrated at 
its center. Also, we know that the earth has some pans that arc more dense, 
and some pans that are less dense. The solid crust, on which we live, is 
considerably less dense than the molten rock on which it floats. By all 
rights, the computation of the vector sum of ail the forces cxencd by all the 
earth's pans should be a horrendous mess. 

Actually, Newton had sound mathematical reasons for treating the 
eanh's mass as if it was concentrated at its center. First, although Newton no 
doubt suspected the eanh's density was nonuniform, he knew that the 
direction of its total gravitational force was very nearly toward the eanh's 
center. That was strong evidence that the distribution of mass was very 
symmetric, so that we can think of the earth as being made of many layers, 
like an onion, with each layer having constant density throughout. (Today 
there is fiinhcr evidence for symmetry based on measurements of how the 
vibrations from earthquakes and nuclear explosions travel through the 
earth.) Newton then concentrated on the gravitational forces exerted by a 
single such thin shell, and proved the following mathematical theorem, 
known as the shell theorem: 

If an object lies outside a thin, uniform shell of mass, then the 
vector sum of all the gravitational forces exerted by all the parts of 
the shell is the same as if all the shell's mass was concentrated at its 
center. If the object lies inside the shell, then all the gravitational 
forces cancel out exactly. 

For terrestrial gravity, each shell acts as though its mass was concentrated at 
the earth's center, so the final result is the same as if the earth's whole mass 
was concentrated at its center. 

The second pan of the shell theorem, about the gravitational forces 
canceling inside the shell, is a linle surprising. Obviously the forces would 
all cancel out if you were at the exact center of a shell, but why should they 
still cancel out perfecdy if you are inside the shell but off-center? The 
whole idea might seem academic, since we don't know of any hollow planets 
in our solar system that astrotuuts could hope to visit, but actually it's a 
useful result for understanding gravity within the earth, which is an impor- 
tant issue in geolog)'. It doesn't matter that the earth is not actually hollow. 
In a mine shaft at a depth of, say, 2 km, we can use the shell theorem to tell 
us that the outermost 2 km of the eanh has no net gravitational effixt, and 
the gravitational force is the same as what would be produced if the remain- 
ing, deeper, parts of the eanh were all concentrated at its center. 
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D iscussion Questions 

Hf^HHH A. If you hold an apple in your hand, does the apple exert a gravitational force 
Hi^^VH on the earth? Is it much weaker than the earth's gravitational force on the 
^^^^^^1 apple? Why doesn't the earth seem to accelerate upward when you drop the 
apple'' 

B. When astronauts travel from the earth to the rT>oon. how does the gravita- 
tional force on them change as they progress? 

C. How would the gravity in the first-floor lobby of a massive skyscraper 
compare with the gravity in an open field outside of the city? 

D. In a few billion years, the sun will start undergoing changes that will 
eventually result in its puffing up into a red giant star. (Near the beginning of 
this process, the earth's ocear^ will boil off, and by the end. the sun will 
probably swallow the earth completely.) As the sun's surface starts to get 
closer and close to the earth, how will the earth's orbit be affected? 

10.5 Weighing the Earth 





Cavendish's apparatus viewed from 
the side, and a simplified version 
viewed from above. The two large balls 
are fixed in place, but the rod from 
which the two snnall balls harvg is free 
to twist under the influence of the 
gravitational forces. 



Lets look more closely at the application of Newton's law of gravity to 
objects on the earths surface. Since the earths gravitational force is the 
same as if its mass was all concentrated at its center, the force on a falling 
objca of mass m is given by 



F = 



am onk 



The objea s acceleration equals Fl m, so the object $ mass cancels out and wc 
get the same acceleration for all falling objects, as wc knew we should: 

g=GM Jr' . 

o ana earn 

Newton knew neither the mass of the earth nor a numerical value for 
the constant G. But if someone could measure G, then it would be possible 
for the first time in history to determine the mass of the earth! The only 
way to measure G is to measure the gravitational force between two objects 
of known mass, but that's an exceedingly difficult task, because the force 
between any two objects of ordinary size is extremely small. The English 
physicist Henry Cavendish was the first to succeed, using the apparatus 
shown in the diagrams. The two larger balls were lead spheres 8 inches in 
diameter, and each one attracted the small ball near it. The two small balls 
hung from the ends of a horizontal rod, which itself hung by a thin thread. 
The frame from which the larger balls hung could be rotated by hand about 
a vertical axis, so that for instance the large ball on the right would pull its 
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My student Narciso Guzman built this version of the 
Cavendish expenment in his garage, from a descrip- 
tion on the Web at www.fourmilab.to. Two steel balls 
Sit near the ends of a piece of styrofoam. which is sus- 
pending from a ladder by fishing line (not visible in this 
photo). To make vibrations die out more quickly, a small 
piece of metal from a soda can is attached underneath 
the styrofoam arm. sticking down into a bowl of water. 
(The arm is not resting on the bowl.) 

The sequence of four video frames on the nght shows 
the apparatus in action. Initially (top), lead bncks are 
inserted near the steel balls. They attract the balls, and 
the arm begins to rotate counterclockwise. 

The main difficulties in this experiment are isolating 
the apparatus from vibrations and air currents. Narciso 
had to leave the room while the camcorder ran. Also, it 
IS helpful if the apparatus can be far from walls or furni- 
ture that would create gravitational forces on it. 
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netghboring smaO boil tmrard us and while the mud ball on die left would 

he pulled away from us. The thread from which the small balls hung would 
thus be twisted thr<)ui;h a small angle, and by calihratinp the rvvist of the 
thieaid widi ioiown forces, the actual graviutional ^iorcc could be detef^ 
nined. Ctraididiaet up the whole apparatm ma room «f hit houx, 
nailillg ill die doon shut to keep air currents from distufbing die delicate 
apparatus. The revulfv had to he niiscrved through tclccopc snwk throii 
holes drilled in the walls, Cavcndish s experiment provided the first nu- 
merical values for G and for die man of die cardi. The preaendy ac- 
cqxed value of Cr a 6^10-" NWAs^. 



imiocd by one of my iiinlciiia. 

Knowing G not only allowed the ^^f1TfW^tfW*1f^ of die canh's miss but 
also thove of the sun and the other planets. For instance, by obscrv ing the 
acceleration of one of Jupiter's moons, we can iniier the mass of Jupiiei. The 
ibOawing table gives iliedSoaBOEi of die phnen fiom die aun and die 
nHBKi of die wn sad pliBCB. (Odicf dmiMepvcnuidielMKkof die 
book.) 





average di-stancc Irom 
the sun, in uniu of 
die Cttlli*t swng^ 
dfatuot fipiMn the tun 


mass, in units of the 


ran 




330.000 


mercury 


038 


.056 




.72 


.82 


cifdi 


1 


1 




1.5 


.11 




5J 


320 


satum 




<:>=; 




19 


14 


nepiune 


90 


17 


pluto 


39 


.002 
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Dteeuttkm QuMtkNW 

A. It would have beer d licuH 'or Cavendish to start designing an experiment 
without at least some idea of the order ol magnitude ol G. How could he 
eMfnwIa R in advance lo wRMn a tador of 10? 

B Fill in the details of how one would determine Jupiter's mass by oboaiving 
the acceteration of one of its moons. Why is it only necessary to know ttw 
acceleraiion of the moon, not the actual force acting on it? Wty donlwenead 
to Imcm Ihe mass of the moon? VVhat about a planet that has no iiNion8» au^ 
as Vsmjs — how coutd its mass be found? 

C The gravitational constant G\s very rjifficult to measure accuratsly» and ii 
the least accurately known of all the fundamental numbers of physics such as 
Wiv Bpseo Of RQni, ww miM ni inv amiDiin, wmt. dui uhhi in vnv mne syaiaiiv 
t>ased on the meter as the unit of lanflfUli the kilogram as the unit of mass, and 
the secorKi as the unit of distarKA. AstrorKxrvers sometimes use a different 
ayalam of units, in which the unit of distance, called the astronomical unit or 
auL, is Itia mdhjs of the earth's oriiil. Itia unit of maaa is tha maaa of tiM aun. 
and flta unR of ttne is the year (lA Ilia ItoM mqulrad for Hw aarfh to oiM tw 
sun). In this system of units, ^hasapmcisanisniitoalviliiaaimplyaaa 
matter of definition. What is it? 

1 0.6* Evidence fo r Repulsive Gravity 

Until ttccoAjft phjftucutt ihm^^t thejr iin<ltBMiood i^wviiy biAf wdL 
Hnstein had modified Newton's rhcor>', but certain chaiacteristrics of 

gravirational forces were firmly established. For one thing, thcv were always 
attractive, it gravity always attracts, then it is logical to asii why die universe 
oocCTi oouapsc. iwwuMi naa aniwcna tnis nucwjuo uf wmftu^ nisc h ok 
ttnivCEK was infinite in ail directions, then it would have no g^metnc 
center toward which it would collapse; the forces on any particular star or 
planet exerted by distant pans of the luiiverse would tend to cancel out hy 
More carefiil adcahtions, howcvcs; show tint Newton's uiuvctse 
would have a rcndcnc)' to collapse on smaller acskc tny part the ua h n M S C 
that h-ippt ncd to be slightK more dense than average would contraa 
tunher. and this contraaion would result in stronger graviutioiul forces, 
whkh wooM cause even inoie ispid oontncrioiit and SO oo. 

When Einstein overhauled gravity, the same probkm icaml ils ugly 
head. Like NewuMi. EinneiB ms predisposed to believe in auidvctse that 

was static, so he added a special repulsive term to his equations, intended to 
prevent a collapse. This term was not associated with any attraction of mass 
for mass, but re p res e n ted merely an overall tendency for space itself to 
eipaiid iiakss tesetdned by tile Bsataer that tnhahiied it. h nuns out that 
Einstein's solution, like NVwron's, is unsT.ihic. Furthermore, it was soon 
discovered observ.iiion.iily that the universe was expanding, and this was 
interpreted by creating the Big Bang model, in which the universe's current 
ei|Mnsion is die altctnadi of a finiairically iMt cqikiaon. 
nnivcne, unlike a static one, was capable of being explained with Einstein's 
equations, without any repulsion rerm. The universe's expansion would 
simply slow down over time due to the attractive graviurional forces. After 
tlMK devdofwienis, EiiMdn said woefully that aiUiiig die 
knovm as the cosniologjkal ooiman^ had been the g^eaw bhmder of his 
life. 

This w.is the stare ofrhinps until 1')^)''. when evidence began to rum Up 
that the luiivcrscs expansion has been speeding up rather than slowing 
down! The first evidoiee came fiom using a telescope as a son of dme 
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Book 3, section 3.5 presents 
some of the evidence for the 
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machine: light from a distant galaxy may have taken billions of years to 
reach us, so we arc seeing it as it was far in the past. Looking back in time, 
astronomers saw the universe expanding at speeds that ware lower, rather 
than higher. At first they were mortified, since this was exactly the opposite 
of what had been expected. The statistical quality of the data was also not 
good enough to constute ironclad proof, and there were worries about 
systematic errors. TTie case for an accelerating expansion has however been 
nailed down by high-precision mapping of the dim, sky-wide afterglow of 
the Big Bang, known as the cosmic microwave background. Some theorists 
have prof>osed reviving Einstein's cosmological constant to account for the 
acceleration, while others believe it is evidence for a mysterious form of 
matter which exhibits gravitational repulsion. The generic term for this 
unknown stuff is "dark energy." Some recent ideas on this topic can be 
found in the January 2001 issue of Scientific American, which is available 
online at 

http://www.sciam.com/issue.cfm?issueDate=Jan-01 . 

A/ofe added February 15, 2003 

The microwave background measurements referred to above have been 
improved on by a space probe called WMAl', and there is no longer much 
room for doubt about the repulsion. An anidc describing these results, 
from the front page of the New York times on February 12, 2003, is 
available online at 

http://www. nyiimes.com/2003/02/ 1 2/scicnce/ 1 2COSM .h tml 

(firee registration required). 

Astronomers consider themselves to have entered a new era of high- 
precision cosmolog)'. The WMAP probe, for example, has measured the age 
of the universe to be 13.7+0.2 billion years, a figure that could previously 
be stated only as a fiizzy range from 10 to 20 billion. We know that only 
4% of the universe is atoms, with another 23% consisting of unknown 
subatomic particles, and 73% of dark cncrgj-. It's more than a little ironic to 
know about so many things with such high precision, and yet to know 
virtually nothing about their nature. For instance, we know that precisely 
96% of the universe is something other than atoms, but wc know precisely 
nothing about what something is. 




The WMAP cobe's map of the cosmic microwave t)ackground is like a 'kiaby pic- 
ture' Of the universe. 
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Summary 



Selected Vocabukuy 



• ♦ 

COHICIBCPQII 

pcfiod 



fecus 



ft flattened cirdci one of the conk sections 
.. ft cuiw fimned by the inineaion of a plane and an iBfini 
.. another cook section; it does noc doae back on iodf 

the time rc(]uirL-(J tor .1 planet to cnmpk-tc <inc orbit; fUORgenenll)!; (he 

time tor one repetition of some repeating motion 
.. one of two special points inside an ellipse: the ellipse coiuisis of all points 

such that the simi of the distances ID die two fodeqtiaU a cerain number; 

ft Iqrpefbolft ftlso has ft focus 



Notation 



6 



the constant ot propunionality in Newton's law of gravity; the gravita- 
iional feioe of aucuuun bcMoen nro l-J^jphcKi at a €pmrf*<io*cmec 
distance of 1 m 



Summary 



Kepler deduced three empirical laws from data on the motion of the planets: 

Kepler s elliptical orbit law: The planets orbit the sun in elliptical orbits with the sun at one focus. 

Kepier s equal-area law: The line connecting a planet to the sun sweeps out equal areas in equal 
sinouniB of tims. 

Ni|rtar% IMT off pwkMls: The tinw requkiad for a 

ollho aHiiM ratoiil to lha Vi. nowwir Tha oonilut of nroiioilioniftr to ttio mma for al Min fliiiiiiilp. 

Newton was able to find a more fundamental explanation for these laws. Newton's law of gtavify^teiei^ 
that the magnitude of the attractive force between any two objects in the universe is given by 



Weightlessness of objects in orbit around the earth is only apparent. An astronaut inside a spaceship is 
simply falling along with the spaceship. Staoo tt>e spaceship is falling out from undar ttw aUraraut, It appeam 
08 ■Hwgn wiore was no grawiy oooonranng im 

Gravitational forces, like all other forces, add like vectors. A gravitational force such as we ordinarily feel is 
the vector sum of all the forces exerted by all the parts of the earth. As a oonsoquenoe of this, Newton proved 
the shea ttieorem\ox gravitatkxial forces: 

If an object lies outskie a thin, uniform shell of mass, then the vector sum of aR the gravitational fcwcea 
exerted by all the parts of the shell is the same as if all the shaVa mass was concanlnM ai Ha oonlM: 
tt lha ohiect lias insida tha shell, then aU the gravltalional fdreea oanoal out ex^ 
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Homework Problems 



1 / Roy liasaiiia»of60k|^Iaurieliasanuwof65k|^TlMyaR 1.5 m 

apart. 

(a) What is the magpmide of the giravuaiioiial fince of the eanfa on Koyi 

(b) What a the magnitude of Roji^s g^anmikind 

(c) What is die magiuiiMkofiiiegnvMaiioadlMoe between 

Laurie? 

(d) What is the m^nitude of the graviutional force between Laurie and 
the sun? 

7y. During a soUr edipse, the moon, eanfa and stm aM fie on the same 

line, with the moon between thecaidlttldsun. Define your coordinaics 
so that the earth and moon lie at greater r values than the sun. For each 
force, ^vc the corrca sign as well as the magnitude, (a) What force is 
eaenedon themoonfafiheauii? (b) Ontiiemoon by the earth? (c) On 
the earth by the sun? (d) WhattottlfiwoeiiacfMdooihciiiii? (e) Onihe 
moon? (0 On the earth! 

3/. Suppose that on a certain day there is a crescent moon, and you can 
tell by the shape of the crescent that the earth, sun and moon form a 
triangle with a 133° interior angle at the moon's corner. What is the 

t of die tMil {^mtttMoal Atoe of die eaith and cheaun oo dw 



sun 




moon 



4/. How high above the Larths surface must a rocket be in order to have 
1/100 1 

( of the mdsui of ilie Eudit 



S/. The star Lalande 21185 was found in 1996 ID ham two planets in 
roughly circular urhitv with periods of6 and 30 yCBB. What it the ratio of 

the two planets' orbital radiir 

6. In a Star Trek episode, the Enterprise is in a circular orbit around a 
planet when something happens to the engines. Spock then tells Kirk tlut 
the diip will spixal into the planet's surfiMX unless tfaey can fix the enginet. 
bdusKic n ri fi caByoonBcg^Wy? 



S A aohnioa is given in the back of the book. A A difficult problem. 

/ AconqNmsiMdansirerdieckisawailable. J A probknuhatieyiires calculus. 

I loHimwoifc ProMmw ^01 
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7. (a/) Suppose a roiithig flphericd botfy wcfa «• a pbnec has • nd^ 

and a uniform dcusiiv p, hi J the dme vequited for one roution is 7! At 
the surface at rhc planer, the apparent acceleration of a falling object is 
reduced by acceleration of the ground out from under it. Derive an 
equatfonlbr the apfMrnttaoodeiaiion of gravity.^, at theequauriDicnu 
ofr.p, r,aiid<7. 

(b/) Applying votir equation from (a), by what fraction is your apparent 
weight reduced at the equator compaied to the poles, due to the Earth's 
focation? 

(o/) IMng ywir eqoaiicm fiom (a), derive an equatioa gpv^ 

Tfor which the apparent acceleration of s^ravit^- becomes zero, i.e. objeCB 
can spontaneously drift off the surtace of the planet. Show that 7~oiity 
depends on p, and not on r. 

(d) A|>pljfti^ your eqoarion fiom hoar longiio^ 

Older to reduce the apparent wdjg^ of obfecn at die equaior of die Eanh 
to zero? [Answer 1.4 houns] 

(e) ObM:rvational astrouumcrs iuve rcccndy tuund objects tiiey called 
puban, which cmk buna of ndtatioo at foliar intemk of Im 
Moond. If a pulnr b to be t m em B e B Bd ta a rotating sphere beaming out a 

natural "-iearchlight" that sweeps past the earth w itii each rotation, use 
your C4uatiun from (c) to show that its density would iuvc to be mucli 

^^eacer ^hiffi diat of ottfioat^ Daattci* 

(0 Theoiedcal astnmomen pradicted decades ago that certam stars diat 
used up their source?; of energy could collapse, forming a ball of neunoos 
with the ^tasuc density of - lU' kg/m'. If this is what pulsars realljr are, 
UK your equation fioai((^ dd exphin why no pukar hat ever been ob- 
aenred that flaiheiiridi a period of leu tfam 1 

8/. Kbtt ace considering going on a ipaoe vDjra^ to Man, in which your 

route would be half an ellipse, tangent to the Earth's nrhir at one end and 
tai^nt to Mars' orbit at the other. Your spacecrafts engines will only be 
used at tlie b^inning and end, not during the voyage. Hoar b n g i w wJd 
die outwaid 1^ of your flip htt^ (Aaunw die oibaia of Eaidi and Man aK 
dicnlai:) 

9.^ (a) If the earth was of uniform detuity, woidd your weight be in- 
creased or decreased at the bottom of a mine shaft? Explain (b) In real life, 
objects weight slighdy more at the bottom of a mine shaft. What does that 
aQow us to infer about tlie Earth? 

10 S. Ceres, the largest asteroid in our solar system, is a sphetioal hodf 
with a mass 6000 times ka* than die earth's, and a radius whidi is 13 
timei smaller. Ifan xstronaut who weigh*400Noacatdiisviatingdie 

surface of Ceres, what is her weight? 

lis. Prove, based on Newton's laws of motion ami Newton's law of 
gravity, that all falling objects have the same acceleration it they arc 
dropped at the tame location on the earth and if other (mces such as 
fiiaiooafe unimportant. Do not just say, "^^=9.8 m/s* — i^s constant." 
You arc supposed to be fnmn g that g should be the same number for all 
objects. 
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Problem 12. 



12 S. The figure shows an image from the Gahico space probe taken 
during its August 1 993 flyby of the asteroid Ida. Astronomers were 
surprised when Galileo detected a smaller object orbiting Ida. This smaller 
object, the only known satellite of an asteroid in our solar system, was 
christened Dactyl, after the mythical creatures who lived on Mount Ida, 
and who protected the infant Zeus. For scale, Ida is about the size and 
shape of Orange County, and Dactyl the size of a college campus. Galileo 
was unfortunately unable to measure the time, 7", required for Dact)'l to 
orbit Ida. If it had, astronomers would have been able to make the first 
accurate determination of the mass and density of an asteroid. Find an 
equation for the density, p, of Ida in terms of Ida's known volume, V, the 
known radius, r, of Dactyl's orbit, and the lamentably unknown variable T. 
(lliis is the same technique that was used successfully for determining the 
masses and densities of the planets that have moons.) 

13 jy. If a bullet is shot straight up at a hi^ enough velocity, it will never 
return to the canh. This is known as the escape velocity. We will discuss 
escape velocity using the concept of energy in the next book of the scries, 
but it can also be gotten at using straightforward calculus. In this problem, 
you will analyze the motion of an object of mass m whose initial velocity is 
exactly equal to escape vclocit)'. We assume that it is starting from the 
surface of a spherically symmetric planet of mass M and radius b. The trick 
is to guess at the general form of the solution, and then determine the 
solution in more detail. Assume (as is true) that the solution is of the form 
r = /t/ where r is the object's distance from the center of the planet at 
time /. and k and p are constants, (a) Find the acceleration, and use 
Newton's second law and Newton's law of gravity to determine k and />. 
You should find that the result is independent of m. (b) What happens to 
the velocity as t approaches infinity? (c) Determine escape velocity from 
the Earth's surface. 

14. Astronomers have recently observed stars orbiting at very high speeds 
around an unknown object near the center of our galaxy. For stars orbiting 
at distances of about 10'* m from the object, the orbital velocities are 
about 10^ m/s. Assuming the orbits are circular, estimate the mass of the 
object, in units of the mass of the sun, 2x10*" kg. If the object was a 
tighdy packed cluster of normal stars, it should be a very bright source of 
light. Since no visible light is detected coming from it, it is instead be- 
lieved to be a supermassive black hole. 

15 S. Astronomers have deteacd a solar system consisting of three planets 
orbiting the star Upsilon Andromedae. The planets have been named b, c, 
and d. Planet b's average distance from the star is 0.059 A.U., and planet 
c's average distance is 0.83 A.U., where an astronomical unit or A.U. is 
defined as the distance from the Earth to the sun. For technical reasons, it 
is possible to determine the ratios of the planets' masses, but their masses 
cannot presendy be determined in absolute units. Planet c's mass is 3-0 
times that of planet b. Compare the star's average gravitational force on 
planet c with its average force on planet b. [Based on a problem by Arnold 
Arons.] 



Homework Problems 203 

1 aterial 



16 S. Some communications satellites are in orbits called geosynchronous: 
the satellite takes one day to orbit the eanh from west to east, so that as 
the eanh spins, the satellite remains above the same point on the equator. 
What is such a satellite's altitude above the surface of the earth? 

17 S. As is discussed in more detail in seaion 5.1 of book 2. tidal interac- 
tions with the earth arc causing the moon's orbit to grow gradually larger. 
Laser beams bounced off of a mirror left on the moon by astronauts have 
allowed a measurement of the moon's rate of recession, which is about 1 
cm per year. This means that the gravitational force acting between earth 
and moon is decreasing. By what fraction docs the force decrease with 
each 27-day orbit? [Hint: If you try to calculate the two forces and 
subtract, your calculator will probably give a result of zero due to round- 
ing. Instead, reason about the fractional amount by which the quantity 1/ 
r will change. As a warm-up, you may wish to observe the percentage 
change in 1/r that results from changing r from 1 to 1.01. Based on a 
problem by Arnold Arons.] 

18. Suppose that we inhabited a universe in which, instead of Newton's 

law of gravity, we had F = m^mil , where k is some constant with 
different units than G. (The force is still attraaive.) However, we assume 
that a=Flm and the rest of Newtonian physics remains true, and we use 
a=Flm to defme our mass scale, so that, e.g., a mass of 2 kg is one which 
exhibits half the acceleration when the same force is applied to it as to a I 
kg mass, (a) Is this new law of gravity consistent with Newton's third law? 
(b) Suppose you lived in such a universe, and you dropped two unequal 
masses side by side. What would happen? (c) Numerically, suppose a 1 .0- 
kg object falls with an acceleration of 10 m/s*. What would be the accel- 
eration of a rain drop with a mass of 0. 1 g? Would you want to go out in 
the rain? (d) If a falling object broke into two unequal pieces while it fell, 
what would happen? (c) Invent a law of gravit)' that results in behavior 
that is the opposite of what you found in pan b. [Based on a problem by 
Arnold Axons.] 

19 S. (a) A certain vile alien gangster lives on the surface of an asteroid, 
where his weight is 0.20 N. He decides he needs to lose weight without 
reducing his consumption of princesses, so he's going to move to a differ- 
ent asteroid where his weight will be 0.10 N. The real estate agent's 
database has asteroids listed by mass, however, not by surface gravity. 
Assuming that all asteroids are spherical and have the same density, how 
should the mass of his new asteroid compare with that of his old one? (b) 
Jupiter's mass is 318 times the Earth's, and its gravity is about twice 
Earth's. Is this consistent with the results of part a? If not, how do you 
explain the discrepancy? 

20. Where would an object have to be located so that it would experience 
zero total gravitational force from the earth and moon? 

21/. The planet Uranus has a mass of 8.68x10'^ kg and a radius of 
2.56x10* km. The figure shows the relative sizes of Uranus and Earth, (a) 
Compute the TM\ogJg^^, where ^, is the strength of the gravitational field 
at the surface of Uranus and is the corresponding quantity at the surface 
of the Earth, (b) What is surprising about this result? How do you explain 
it? 
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Protrfem 21 . The sizes of Uranus and 
Earth are compared. The image of 
Uranus is from the Voyager 2 protie. 
and the photo of the earth was taken 
by the Apollo 11 astronauts. 
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rMirl— llfl Unrtili nnrt Mirtlrnllnn 

Equipment 

OOllMlillOfB 

ramps (one per group) 
balls of various sizes 
sticky tape 

vacuum pump and "guinea and faeihef* apparatus (one) 

Tha HMllon of falling objeclB hts been recognized since anoisnt 11^^ 
ics, but ttw moHon is inconveniantly fast, so in our eweiyday 

what objects are doing when they fall. In this exercise you will use several techniques to get around 
this problem and study the motion. Your goal is to construct a scientific model o\ falling. A model 
mear^ an explanation that maites testat)le predictjons. Often models contain simplifications or ideali- 
zallons llwi RMhs Ihein eerier to woik imIVv swan tfKNj^ Vwy aro 

1. One nMNhod of nMMng faUng eesier to obeeroe Is to use oi)|octo Mce fseflhere fhet ws know from 

everyday experience will not fall as fast You will use coffee filters, in stacks of various sizss, totsstHie 

following two hypotheses and see which one is true, or whether neither is tnie: 

Hypothesis 1A: When an object is dropped, it rapidly speeds up to a certain natural falling 
speed, and then continues to fall at that speed. The falling speed is proportk)na/\o the object's 
weight (A proportionality is not just a slateinent that If one thing gets bigger, the other does too. 
H hw n ono DooomBo miM vnm iimyB f t vio Ml 101 mBO ywv WW wnoB DiygBr» €iy*| 

r^fponisew ID. usierem o oy ioi s les me senie way, leganiees or woignL 

T^st these hypotfteees end dlsous s your rseuHe with your instniclor. 

2. Aeeoond way to slow down the action is to let a t>all roll down a ramp. The steeper tlie lampt the 
doeer 10 Iwe tel. Based on your e)qperience in part l.wrtteatiypottieolB abort 

ycnj mco n Iwinrfer bol op i i n Dt a Iflhtor ImI down tlio Bonw mmp. s t oii l n y ttieni twHi trom reot 

Hypomesi a: 

Show vour hvDoHiesiB to vour inslnii^or. and tlien taat iL 

Vbuha¥e probably found that falHng was more oomplcated than you thought! le them m o w then one 

factor that affects the motion of a falling objecf Can you imagine certain idealized situations that are 
stmpler?Try to agree vert)aily with your group on an informal model of falling that can malte predictions 
about the experiments descrit)ed in parts 3 and 4. 

3. You have three balls: a standard "comparison ball" of medium weight, a light ball, and a heavy ball. 
S u ppoee you slend on a ct w ir a ri d (e)xlw)p the l^htlwyi side l>y side with the conipertson^^ 

drop the heavy ball side by side with the comparison ball, then (c) join the IgM and heavy iMilB 
together with sticky tape and drop them Side by Side with the comparison bal. 

Use your model to malosapradk;lion: 

Itet your predkslon. 

4. Your instructor wilt pump nearly all the air out of a chember oonlalnino a tefllher and a heavier 

object, then let them fall skle by side in ttie ctiamber. 

Use your model to melee a piedtelio n; 
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Exercise 1 A: Scaling Applied to Leaves 

Equipment: 

leaves of three sizes, having roughly similar proportions of length, width, and thickness 

(example: blades of grass, large ficus leaves, and agave leaves) 
balance 

1 . Each group will have one leaf, and should measure its surface area and volume, and detennine its 
surface-to-volume ratio (surface area divided by volume). For consistency, every group should use 
units of cm^ and cm\ and should only find the area of one side of the leaf. The area can t>e found by 
tracing the area of the leaf on graph paper and counting squares. The volume can be found by weigh- 
ing the leaf and assuming that its density is 1 g/cm^, which is nearly true since leaves are mostly water. 
Write your results on the board for comparison with the other groups' numbers. 

2. Both the surface area and the volume are bigger for bigger leaves, but what about the surface to 
volume ratios? What implications would this have for the plants' abilities to sun/ive in different environ- 
ments? 
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This exercise involves Michael Johnson's world-record 200-meter sprint in the 1996 Olympics. The 
tatitodhwslh>dhlanB>h>liM C O¥siBd at various tiwiMb niMdiiBMiftinMtoiiD.MOtol fair Ms total 

time.) Each group is to find a value of AVA/ between two specified instants with the members of the 
group checking each other's answecs. We wiii then oompaie evwyone's results and discuss how this 
relates to velocity. 

t (s) X (m) 
A 10.200 100.0000 
B 10.210 100.0090 
C 10.300 100.9912 
0 11.200 110.0168 
E 10.320 20OJ000 

graupl: fMAJi^A/wIno potato A and B. 

gRHp2: Rnd AJi/A/using points A and C. 

groups: Find dji/i^/t«ing points A and 0. 

gmip'fc HnJAi^ft/uotaB p otatoAmtfE. 
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Dmclw 3A: RsMoning wMh RflliM Mid Powitft 



Equipment: 

nW^mOnr SQCKB 

You have probably bounced a ping pong ball straight up and down in the air. The time between hNi is 
related to the height to which you hit the ball. If you take twice as much time between hits, how many 
times higher do you think you will have to hit the ball? Write down your hypoth- 
esis: 

Your instructor will first beat out a tempo of 240 beats per minute (four beats per second), vvNch you 

Jlill^ 1-1 , 1,1 niMtiili iiJHi Mill mmmm' — ** ft^sMM mm 41«& l««lad^ uAltadk MkA ateaa* 

flnouQiiyioitMKnwiininBpaig-ponQ 

NowtryitaliaOlMalBparniinutK 

Compare your hypothselB and your results wHh flw iBSt of the Giass. 



Copyrighted material 



&raf6iM4A: FovMMidllolloii 



Equipment: 

2«nwtof pi609 6 of bukshBT pmpiy 
wood biookB wtti hooks 

string 

masses to put on top ot the blocks to increase friction 
iprino iciiliMi fiM iil i wi W¥ c a Wi ni lod In N o wrtoni il 

ouppooe B pereon puonos 8 cnns, (Muiiy naciosB ino noorai b conBin apoBO^ ana mon ro p oow wiB 

same thing but at a higher speed. This is essentially the situation you will act out in this exerdse. What 
do you think is different about her foi^ on the crats in ttw t<m 8ttuatk)ns? Otocussthie with your group 
and write down your hypothesis: 



1 . First you will measure the amount of friction l)etween the wood block and the butcher paper when 
the wood and paper surfaces are slipping over each other. The idea is to attach a spring scale to the 
block arid then sIMe the butcher paper under the block whle using the scale to keep the bkxdcfrom 
mowing with it. Depending on the amount of force your spring scale was daeigned to measure, you 
may need to put an extra mass on top of the block in order to increase the amount of friction. It Is a 
good Uea to use long piece of string to attach the block to the spnng scale, since othenvise one terKis 
to put at an ang^ Inalead of dkecdy horizonlaly. 

First measure the amount of friction force when sliding the butcher paper as slowly as pos- 
flljle: 

NOW meaaure ma amount oi mcoon nioe ai a aignaicanDy ragnar apaeo, aay i manr par aooona. (h 
you try to go too ftot. the motkm la jerky, and it la knpoaalbto to gal an acouisle reading.) 



Discuss your results. Why are we justified in assuming that the string's force on ttie tHock the 
scale reading) is the same amount as the paper's frictional force on the block? 

2. Now try the same thing but with the biocic moving and the paper standing stiU. Try two different 

speeds. 

Do your results agree with your origiruU hypothesis? If not, discuss what's going on. How does the 
block toMMrhoMf faal to flo? 
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BXSrciN mtz RINIWMlOnS 

Equipment: 

neodymkim disc magnets (S/group) 

compass 

triple-ami balance (2/group) 
clamp and 50-cm vertical rod tor holding 
iMdanceup 

string 

tape 

scissors 

Your goal in this exercise is to compare the forces 
two magnets exert on each other, i.e. to compare 
magnet Ai8 fbioB on magnst B to msgnet fofOB 

on magnet A. Magnet B will be made out of two of 
the small disc magnets put together, so it is twice 

as strong as magnet A. 

1 . Note that these magnets are extremely strong! 
Being careful not to pinch your aldn, put two dtoc 
magnate logeltier to make magnet B. 

2. Runiiariza yourself with how the magnets be- 
have In addition to magnets A and B, there are 
two other magnets ttiat can come into play. The 
compass needle Itself is a magnet, and the planet 
earth is a magnet. Ofdlnarily the compass needle 
twists around under the influence of the earth, but 
the disc magnets are very strong close up, so if 
you bring them within a few cm of the compass, 
ine compass IS esssfioaiiy jusi lesponong 10 inem. 
Investigate how different parts of magnets A and 
B Interact with the compass, and label them ap- 
propriately. Investigate how magnets A arKi B can 
attract or repel one another. 

3. Ybu are ready to fonn a hypothesis about the 
following aNualion. Suppose we set up tum bal- 
ances as shown in the figure. The magnets are 
not touching. The top magnet is hanging from a 
hook underneath the pan, giving the aame result 
as If it was on top of the pan . Make sure It is hang- 
ing under the centero\ the pan. You will want to 
make sure the magnets are pulling on each other, 
not pushing each other away, 80 fla t the top mag- 
net wNI slay ki one place. 

The balances will not show the magnets' true 

weights, t>ecause the magnets are exerting forces 
on each other. The top balance will read a higher 
number than it would without any magnetic forces, 
and the bottom balance will have a tower than 
nomnal reading. The difference between each 
magnef 8 true weight and the reading on the t>al- 

210 















pencil 






b magnet AtapadtOpMCH 






|magr»et B 



ance gives a measure of how Strongly the magnet 
is being pushed or puled by the ottier magnet 

How do you Ihkik the anKxint of pushing or puR- 

ing experienced by the two magnets will compare? 
In other words, which reading will change more, 
or will they change t>y the same arrxxint? Write 
gown a nypomasiB : 

BofoiB gokig on to port 4i dbouss your hj^xi^ 
s^w^yourinstfUGtor. 

4. Now set up the experiment described above 

with two balances. Since we are interested in the 
changse in the scale readings caused by the mag- 
netic fofoes, you wRI need to take a total of four 

scale readings: one pair with the t>alarK:e8 sepa- 
rated and one pair with the magnatSCtose together 

as shown in the figure above. 

When the balances are together and the magnetic 
forces are acting, it is not possible to get both bal- 
ances to reach eQuHbrfum at the same time, lie- 
cause sliding the weights on one balance can 
cause its magnet to move up or down, tipping the 
other balance. Therefore, while you take a read- 
ing from one tMrianoe, you need to fenmobflze the 
other in the horizontal position by tapkig Hstipao 
it points exactly at ttie zero mark. 

You will also probably find that as you slide the 
weights, the pointer swings suddenly to the oppo- 
site skJe. but you can never get It to be stable to 
the mkldle (zero) posWon. Try bringing the pointer 
manually to the zero position and then releasing 
it. If it swings up, you're too low, arxJ if it swings 
down, you're too high. Search for ttiedMdtogKne 
between the too-k>w regton and the too-high ne- 
gton. 

If the changes in the scale readings are very small 
(say a few grams or less), you need to get the 
magnets closer together. It should be possible to 
gst toe scale readings to chwnge by j fl ' g e amounts 
(up to 10 or 20 g). 
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Equipment: 

2-ineler pieces of butcher paper 
wooo olocNB Win nooKs 

string 

masses to put on top of the blocks to inaease friction 

epmB e CBiee fpfmOnaOlf COMNalBQ n NoWIOnB) 

1 . Usino tie eame eqi^nwot at in esBiidM 4A. tiel «ie tMsi^ 
independent of veloGty. 

2. Test liie a l a lemBti t ftaticineteWclion is independent of sufl^ 
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CXBRSISV OA' VVMUl* alia MOIIOII 

Each diagram on the right shows the motion of an object. Each dot is one location of the object at one 
moment in time. The lime kilsfval from one dot to the next is always the same. 

1. 8ijppo86tti8ot)j6ctincilaoiBfn 1 isiiKivinofrafnlhstoplefltothBbolloinrigti^FigiMBoidwhM 
off foic0 is flcdng on iL Doos Iho fores alirays lunm ttw aama mognitiKls? Tha aama dredion? 



tnvant a phyaical situation ttiat thte dagrain oouM wp roao iiL 



What if you reinterpret the diagram, and reverse the olsject's direction of motion? 



2. What Idnd of fbree is acting in dtagnam 27 



liivontft i^iyslciri 8ilU8llonftatdtaQrein2could represont 



3. What kind of force is acting in diagram 3? 



Invent a pt^sical situation. 
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ExMfdM 10A: Tlw Shill ThMram 



A 




Q 



This exercise is an approximate numerical test of the shell theorem There are seven masses A-G. 
each being one kilogram. Masses A-E. each one meter from the center, form a shape like two Egyp- 
tian pyramicis joined at their bases; this is a rough approximation to a abc-kflogram spherical shefl of 
mass. Mass Q is fivo motore from tha cantor of fha main gioup. Tha class wH dMda into six groups 

and split up the work required in order to calculate the vector sum of the six gravitational forces 
exerted on mass G. Depending on the size of the class, more than one group may be assigned to deal 
with the contribution of the same mass to the total force, and the redundant groups can check each 
othof's rasutts. 

1. Otaaiaa as a clasa what can be dom to simplify iha task of calci^^ 
OTQVnizB things ao thcrt each group can woric in paiaHal wi0i ttia othars. 

2. Each group should witto Ks resulto on the board In units of piconawtons, retaining six significant 
f^uraa of precision. 

a.The dass will detonnlnalhevBclorstimandoonvarewithttiafQSuKlhatw^ 
aheH theorem. 
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Solutions to Selected 
Problems 



6. 134ingx^f^x^?^ = 1 J4x 10-^ kfl 

8. (a) LafB do IOjO g and 1000 g. The artthmeOo 

mean is 505 grams. It comes out to lie 0.505 kg. 
which IS consistenL (b) The geometric mean comes 
out to to 100 g or 0.1 kg. wtiloh it oonaiatant <b) IT 

we multiply meters by meters, we get square 
meters. Multiplying grams by grams should give 
square graiml INb wunds Strange, but t iiwfcBB 
sense Taking the square root of square grams (g^ 
gives grams again, (d) No. The superduper mean of 
two quantities with units of granr^ woukini even be 
somolNng with units of grams! Related to Mb 
shortcoming is the fact that the si^rduper mean 
would fail the kind of constster)cy test carried out in 
Via irai ww pani 0* hw ptoDWik 

Ctl^ptOf 1 

11. The bigger scope has a diameter that's ten times 
greater. Area scales as the square of ttialntar 

dimensions, so its light-gathering po wnr It a hUTh 

dred times greater (10x10). 

12. Since they differ by two steps on the Richter 
acato. fw anaigy of tha Uogir qmlto it 10000 tbiwa 

greater The wave forms a hemisphere, and the 
surface area of tlie hemisphere over wtiKh the 
anoigy Is spraad is proporttonal to tha oqinfa of Its 
radius, if the amount of vibration was the same, then 
the surface areas much be in the ratio of 10000:1. 
«Moh maonatfNlOia iiioof ViaMdiii 100:1. 

Chapter 2 

4. 1 light-year = i-'A/ 

m (9jQk10*n^t)(lyaw) 



»9.SKl0^"m 

5. Velocity is relative, so leaving to lean tells you 
nothing about the train's vekx:ity. Fullerton is moving 
at a huge spaed rstalfva to Beijing, but that doesnt 
produce any noticeable effect in either city. The fact 
that you hava to lean tola you that ttia train is aooei- 
erating. 

7. To the person riding ihe moving bike, bug A is 
simply going in obdaa, flw onl^ dihiailoa balipaaii 
the motions of the two wheels is that one is traveling 
through space, tHit motion is relative, so tfus doesn't 
iMwa any aflMt on ttia bugs, IPs aq u aly hart facaaoh 
of flham. 

10. In one second, the ship moves i' meters to the 
east, and the person moves ^meters north relative to 
giadack. Rotadhpatotfia wMtor, haltaoaa Via dtago* 
nal of a triangle whose length is given by the 
Pythagorean theorem, ( k'')"^=2'^ y. Relative to the 
wator, lie is rrraving at a 45-degree angle between 
north and aasL 

ChaptarS 

14. 




15. Taking gto be 10 m/s. the bullet toses 10 m/s of 
speed every second, so it will take 10 s to come to a 
stop, and thenanotiBrlOatooomatMCI(do«in,lora 
total of 20 s. 

If. Air « Jaf* . 00 for a fttod wriua of M w» iMwa 
t« 1/vv . DaoMlng «toyafMtorof Smaansttiat / 
VIA Inoaasa by a iMtor of V9 . 
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17.K 

« 10-31* 



—1811^ 

ia (a) SoMng Av « |af* for a. w» IM i^2A;#M51 

m^. (b) itM/2SF .66.6 mte. (c) The adual car^ 

final velcx:ity is less than that of the idealized con- 
stant-acceleration car. If the real car and the idealized 
car covered the quarter miie in the same time but the 
real car was nx>vir>g rrxxe slowty at the and than Vtft 
idealized one. the real car must have been going 
faster than the idealized car at the t>egir>nir)g of the 



tion at ttie beginning and less acceleration at th-^ 
end. This make sense, t>ecause eveiy car has some 
maximuni ipaedt which is ttia apead bayond wNch It 



19. Since tfie lir^s are at intervals of one m/s and 
one second, each box represents one meter. From 

Id 8, lha aiaa unctor lha ouiva lapiaflanls a 

positive Ajrof 6 m. (The triangle has half the area of 
the 2x6 rectangle it fits inside.) After h2 s, tt>e area 
above the curve represents negative A^. To get -6 m 
worth of ar^, we need to go out to ^ s, at wtiich 
point the triangle under the axis has a width of 4 s 
and a height of 3 m/s. for an area of 6 m (half of 3x4). 

20. (a) We choose a coordinate system with positive 



the ball would flow down onoe it was on the more 
gentle ramp. TMb raay ba ttue if there is significant 
ftfcMon, bul QsHso'^ axpaffnMfilt aWi indnsd planas 

showed that when friction is negligible a ball rolling 
on a ramp has constartt acceleration, not constant 
apaed. Tha apaad slopa Ineiaasing as quickly onoa 
the ball is on the more gentle slope, but it still keeps 
on increasing. The a-t graph can be drawn by in- 
specting the sfopa af lha v-t graph. 




(b) The ball will roll back down, so the second half of 
the motion is the same as in part a. In the first (nsir>g) 
navoivianMMjn, vwvBiooRf wnaganva, ■noavia 
motion is in ttre opposite direction compared to the 
positive X axis. The acceleration is again found t}y 
ftMpaisflnQ da alopa of tfia ^ graph. 




21 . This is a case where it's probably easiest to draw 
the acceleration graph first While the ball is in the air 
(tx:. de. etc.), Itia orily force acting on R is gravity, so 
it must have the same, constant acceleration during 
each hop. Choosing a coordinate system wt>ere the 
positive jraxis points up, this beconoes a negative 
acceleration (force in the opposite direction com- 
pared to the axis). During the short times between 
hops wf>en the ball is in contact with the ground (cd, 
af, ale.), II experiences a laiga acceleration, which 

turns around its velocity very rapidly. These short 
positive accelerations probably aren't constant, but 
il^ hflwd to Imow iMMf tfw)^ laaly loolc We Jini 
idealize them as constant accelerations. Similarty. the 
hand's force on the ball during the time ab is probably 
notoonetant, txit we cen draw It that way, since we 
don't know how to draw it more realistically. Since our 
acceleration graph oorisists of constant-acceleration 



216 



Solutions to Selected Problems 



Copyrighted material 



segnwnlB, tfiB vikMsl^ gmih iiMNi oonsiBt of Iw 
segments, and fw pMMon graph muat ooiwtt of 

parabotas. 



X 



V 

a 


i g \ » • t 
*/ \ ' * * 




• it 

• « 

• •♦ 

• M 
• 


i 

F 


\ 




• 
• 
■ 
■ 

• 




• 1* 

< *i 

• H 

• %% 
% 

\ 


• \ 
\ 
V 

■ 1 
• 

> 

■i 




» 
■ 

^ 

» 
1 


• 1 

• 1 
ff 1 

* « 
f 1 

* ff 

* « 

• ■ 
1 ■ 

■i i 
: » 


1 M 

« M 
1 N 
f M 
« M 
« ft 
1 H 
■ II 

• •« 

• ti 
1 ■• 


* 




lit 


n 

1 ■ 

« t 

( ■ 





22. W» hove if^a&ji: ao «• dtalanoe is piopoflianal 

to the square of the velocity To get up to half the 
speed, the bail needs 1/4 the distance, Le. i74. 

Chapter 4 

7. 4^*^ » and also • ao 




= 10s 
Chapter 5 

14. (a) 

top spring's rightward (orce on connector 
..•oonnaclof^ tanwanl foraa on top spring 

Ixilkm spring's rigMMmd foioa on oonnaolw 
..xonnaului *% Mlmaiil fioioa on boQoni apiInQ 

nVMi* wRviBra 10100 on QonnaciOi 



-xonnaclotlB itoMMunl fonsa on hand 

LooKmg at ma mroa loioaa on via connecior. wo aaa 

that the hand's force imMt be double the force of 
either spring. Tbe value of ^-x^ is the same for both 
springs and for ttia anangement as a whole, ao Ihe 
spring constant must be 2A: This corresponds to a 
stiffer spring (oMre fbloa to produce the aama 
extension). 

(b) Forces in whjch the left spring participates: 

hand s leftward force on lett spring 
~JBft aprinufte rfghlMaid fowe on hand 

ilQht apitnsfla iftfhMMMifMoe on tall apibig 
..Jillapilniflfa MhiMid foroe on ffght apiinQ 

Foroea in wMch flie ifolhl aprinp pwMlpolM: 

talt string's leftward force on right spring 

...rfgfit spring's rightward force on left spring 

wall's rightward force on right spring 
M jight spring's taftwaid ionse on wal 

Sbioe the lelk spring iBuTt atuelwiilliiy, the total foroe 

on If must be zero, so the two forces acting on it must 
be equal in magnitude. The same applies to the two 
fofoes acting on the right spring. The forces between 
tfie two springs are oormected by Newton's third law, 
so all eight of these forces must he equal in magni- 
tude. Since the value of x-x^ tor the whole setup is 
double what it is for either spfftiB hdMduaiy. the 
spring constant of the whole setup muat be iM2, Wllich 
corresponds to a less stiff spring. 

16. (a) Spring constants in parallel add, so the spring 
txwwMMwnaaiPDepwiponionaiwwecrose'eeooonai 
area. Two springs in series give half the spring 
constant, three springs in series give 1/3, and so on, 
ao the fifing conelani has to be fnversefy propor- 
tianaltothe length Summarizing, we have AIL 
(b) WHh the Young's modulus, we have A!s(/4^^)£The 
spring oonatanlhaa unRs of hVhi, so the units of E 
wouMhawatobatMnF. 

18. (a) The swimmer's aoceieration is caused by the 
water's force on the swimmer, and the swimmer 
makM a backward force on tfie water, which acceler- 
ates the water backward, (b) The club's normal foroa 
on the ball accelerates the ball, and the ball makes a 
backward normal force on the club, which deceier- 
atoa Ihe dub. (b) The bowaftlntfa nonnal toioe 
accelerates the arrow, and the arrow also makes a 
backward normal force on ttie string. This force on 
the sMng oauaee ttie siring to aooeterelB Isee tepidly 
Hian It would if the bow's force was the only one 
acting on it. (d) Tr)e tracks' t>ackward frk^tkxial force 
alowt the fooonoflve down. The looonwtfveni fonMant 
trictional force causes the whole planet earth to 
accelerate by a tiny amount, which Is too small to 
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msMure because Ihe eartlVk mass is so great 

20. The poraon's nofmel fofce on the box is peired 

with the box's normal force on the person. The dirt's 
frictional force on the box pairs with the box's frac- 
tional force on the dirt. The earths yiavllalional fwoe 
0 n the box matches the box^ gravtottonal foroe on 

the earth. 

Chaplere 

5. (a) The easiest strategy is to find the time spent 
aloft, and then find the range. The vertical motion and 
the hoflzonlal moMon are Independent. The vertical 
motion has acceleration — g. and the cannonbail 
spends enough time in the air to reverse its vertical 
velocity oomponant completely, so wa hama 

K^KSine . 
The time spent aloft is therefore 

A/ =^vl a 

= 2ysinQ fg . 
During this time, the horizontal distance traveled is 
/? = vA/ 

= 2 sin e cos g 

(b) The range becomes zero at both t^o and at 
eugo". Tlie case givee zero range becaiiae the 

ball hits the ground as soon as it leaves the mouth of 
the cannon. A 90 degree angle gives zero range 
becauae ihe cannonbal has no tiortzonlal moflon. 

CtMpterS 

8. We want to find out about the velocity vector r.^ of 
the bullet relative to the ground, so we need to an 
Annie's velocity relative to tf>e ground v^Ao the 
bullet s velocity vector relative to her. Letting the 
poailwa X axia be eaat and y north, we hawe 

= (140mi/hr)cos45° 

»100mVhr 

«(140mMM)sin45* 

slOOmMv 



'HO* 



iSOmVhr 



The bulafa velocity relalive Id the gnMind flierafore 



lOOmi/hr and 
laOMVhr . 



Ha Bpeod on inipect wWh the anlmai is the wwgnHude 

= V(100 mVhf)' -f (130 miftM)' 
sieOmVhr 



iaui 



(rounded off to 2 significant figures). 

0. Sinoa Ma volocily vector is constant, it fias zero 

acceleration, and the sum of the force vectors acting 
on ft must be zero. There are three forces acting on 
tfie plane: thrust, lift, and gravity. We are given the 
flret two, and if we can find fie Mrd we can infer its 
mass The sum of the y oomponania of the fbroae is 
zero, so 

= \F„^i sin 8 + IFJ cos 8 — mff . 

The mass is 

^ ^ <^^,,..J s'n 9 + I^J cos e) / ^ 

= 6.9x10" kg 

10. (a) Since trie wagon has no acceleration, the total 
forces wi uuui vw x btni y mreoaone musi ov zero. 

There are three forces acting on the wagon: F^, F^, 
and the normal force from the ground, If we pick a 
oumuRMne aysrani wan x ooing ikniaiinbi ena y 
vertical, then the angles of these forces measured 
counterclockwise from the x axis are 90°-ip. 270°, and 
90°+6. respectively. We have 



■ /^in(90 -<p) + F^iniZJO") + /^in(90 +8) , 
wncn ampMiea w 

0B/Y8inf-/;;,sine 

0 = F cos (? - F^ + F^^ cos 9 . 
The normal force is a quantity that we are not given 
and do not witt to find, ao we stiouid cfiooae R to 

eliminate Solving the first equation for /^=(sinfMin 
6}^ we eliminate F^ from the second equation, 

0«/v^9 + /;sin«ooaOMnO 
and advB for ^ findhig 

Ft- — 

~ COS 9 + sin 9 cos 9 / sin 0 

Multiplying both the top ar>d the bottom of the fractk)n 
by sin e. and using the trig identic for ain(04t) flivee 
the desired result, 

jr _ sine c 
'^"rtn(e + 9) 

0)) The ceae of feO, i A puing ainlglil up on the 
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wagon, reaulls In w« simply Buppott the 

wagon and it glides up the slope like a cliair-lift on a 
ski slope. In the case of <pBl80°-d, /y becomes 
MMlB. Physk:ally Ms !• bacawia W» are puiimg 
directly irtto i» greinl. 80 no amoiM of foioa wl 

suffice. 

11 . (a) If there was no friction, the angle of repose 
would be zero, so the coeffk:ient of static friction, 
will definitely matter. We also makeiipaynibOlsO. m 
and g\o\ the angle of the slope, the mass of the 
object, and the acceleration of gravity. The forces 
fonnaManQ|tofuBlftaVioon6lnaacllon8»3, but 
Instead of a force applied by an external object, we 
have static frictjon, whk:h is less than ^JF^ As in that 
agnmpla. ^=/iytin and F<^^F^, so 

From ths sanw triangla, wo hsM F^mgcoB 0, so 

naanangmg, 

e<1an^|i^ . 

(b) Boil j)f and iroanoilad out, to •» angia of 
raooaa mould ba tfia aama on an ariaraid. 

ClMplBr9 

8. Each cycM haa a mdW aooeieralion of nV 

s'. The tangential acceleraHona of cycMaAand B 

are 375 N/75 kg=5 mis'. 



scale: 
Sm/s2 




6. (a) TTie inward normal foroa must be sufficient to 
pioduoa oiraular moliont 80 

We are searching forttia minimum speed, which is 
the speed at whk:h the static friction force \^ \us\ 
bareiy able to cancel out the downward gravitational 
fofoa. Tfw maximum tofoa of static frtcflon is 

ano wN8 canoas Via gnnniaaonai lORiab 80 



SoMngttieaallMaafiualionafor ^givaa 




(b) Qreaier by a fador of ^ . 

7. The Inward force n^ust be supplied by the inward 
oomponant of ttia nonnal fioioab 

I na i^NMRi oonipcinini Of ina nofinai iDiva 
canosi Hia downwaid foioa of gravis, 

GbnlnBlIng ^ and soMng for ^ Vila find 

e = tan-(^) . 
CtwplirlO 

10. Newton's law of gravity tela US that her weight 
will be 6000 times smaller because of the asteroid's 
smaller mass, but 13^=169 times greater because of 
Us smaBsr ladtoa. PUHnglhaaoliiPofBoloialogBttiaf 

gives a reduction in weight by a factor of 6000/100, 

so her weight will be (400 N)(169);(6000)=11 N. 

11. Newton s law of gravity says Fs^GmMi^i", and 
Nawtonna aaoond law aaya Fso^ ao Qm/njr^m^a. 
Sinoa A canoslB. #i8 Msoandant of /9L. 

iz. iwwaina aacono laMr gwaa 

Wfian ^is Ida's force on Dactyl. Using Newton^a 
unhmai law of gravity, F= Gm^mjr^,&n6 the 
aquation a~ v^l /lor circular motion, we find 

Gm^m^l - m^t^'f r . 

Dactyl's mass cancels out, giving 

Gmjr* r . 

Dactyl's velocity equals the circumference of its ort)it 
divided by the time for one orbit: v!=S3Ul T. Inserting 
this in Ilia above aquatton and soMng for /i^ wa Ibid 

80 Idaf^B dsnal^ la 
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18. Nowlon's taw of gcsvily d o f xw Kls on ttw invoiiM 

square of the distance, so if the two planets' massM 
had been equal, then the factor of 0.83^0.060^14 In 
dMsnce wmM h8VB cauood ifie fofce on planot c to 

be 14' 2 0x10^ 'imes weaker However, planet c's 
mass IS 3.0 times greater, so the force on it is only 
smaRer by a factor of 2.0x10^/3.0=65. 

16. The reasoning is reminiscent of section 10.2. 
From Newton's second law we have F=ma^tm^lrm 
ni2%rny'>'! - Alt' m/fT*. and Newton's law of gravi^ 
gives F^GMrrti^, where A/ is the mass of the 
•ttrthtSMkio VwM wprantont 6QiMri to tsdt oilwr, 
watiave 

wMohQivM 

- 4.22x10*kni . 

This is the distance from the center of the earth, so to 
find the altitude, we need to subtract the radius of the 

earth. The altitude is 3.58x10* km. 

17. Any fractional change in /results in double that 
amount of fractional change in I//'. For exampla, 

raising /-by 1% causes 1 '/^ to go down by very naarfy 
2%. The fractional change in 1/> is actually 

2x-in2Qan_^_1km ^gxlO^ 
3.84x10' km 10* cm 

It. (a) The asteroid's mass depends on the cube of 
N» radius, and for a given mas8 ttw suiteoe graMity 

depends on r"^. The result is that surface gravity is 
directly proportional to radius. Half the gravity means 
haff the radhje, or one eighth the mass, (b) lb agree 
with a, Earth's mass would have to be 1 '8 Jupiter's. 
We assumed spherical shapes and equal density. 
Both ptanela are at least roughly spherical, so Hw 
only way out of tho contradiction is V JupHSf^dSnsNy 
is significantly less than Earth's. 
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Glossary 



Aoodentton. The rate of change of velocity; the 
slope of the ungcnt line on a v-t graph. 

Attractive. Describes a force that tends to pull the 
two participating objects together. Cf. rqjulsive, 
ohfiqnc 

m. The boknce point of an object. 

II. i he pun ot a velocity, aoodeiation, or 
ferae that is dong one pankubr ooofdinaie a»s. 

DMplectincnL ^nioidedmtfattbodOAiMinefor 
tfaesjrmbol Ax. 

tUd. AgMoralkpiid. 

fldid fiktiea. Afiicdonfiitoeiiivrfudiacleaitone 
of the objectiiicaflaid0x.eidierag9sora 

liquid). 

Gravity. A general term for the phenomenon of 
attraction between things having mass. The 

uues the object to fidL 

A fiaoK of icfacnoe ifaat is noc 
acceleiatiii^ oae in idiidi NewiMilk fine law is 

true 

Kinetic friction. A friction force between SUI&oes 

that arc slipping past each other. 

Light. Anything that can travel from one place to 
another through empty space and can influence 
raattei* Wt is not aflbciied bjr gniviiy* 

UtffutnAf Hie'amottnt^associaaedwidiavc 
die vtcior stfi|>ped of anjr inftanation about its 

direction. 



Mass. A numerical measure of how difficult it is to 

change an object's motion. 

Matter. Anything that is affected by gravity. 

Mks sv-stem. The use of metric units based on the 
meter, kilogram, and second. Example: meters 
per second is the mb uttk of Speed, not cm/s or 
km/he 



lial frame. An accelerating frame of 
r e fer e nc e, in which h4ewiDns fim law is violated 



N ntw a l fe s CT i TTie fesoe that hrps pwDoh|ects ftosn 
ooct^pying tbe same space* 

Oblique. Describes a force that acts at some other angle, 
one that is not a direa repulsion orattiaction. Cf. 

attractive, repulsive. 

Operational definition. A dcfiniiion that states what 
operations should be carried out to measure the thing 
being defined. 

Puabola. The matbemadcaleutvc whose graph has^ 
pfupucnoiid to 1^. 

RadiaL BuaUelcothendiusofaciiclcsdiein'Ouc 
<Gfetiion. 0£ tsngcntuJ. 

RspoUiie. Describes a force that tends to push the nro 

participating objects apart. Cf attractive, ohiiquei 

Scalar. A quantir\- that hasoodiiectioninspoce,oniyan 

amount. Ct. veutor. 

Significant figures. Digits that conuibute to the accuracy 
of a measurement. 

Speed, (avoided ui dus buck) I'he abaohlie value of or, in 
O10V6 didl one duttdtttOillf die BU^^^UCttdc of the 

vdoci^, i.e. the vel utity sn i p ped cf any itdbmiation 
about its direction 

Spring constant. The constant of proj-Hirrionalin- hcrvveen 
force and elongation of a ^ring or other objea under 
strstn. 

* Sutic fiiction. A triction torce between surfaces tliat are 



Fancy name fer the mettle 



Tangent ma curve. Incitcidarmotioa.used 

to mean tangent to the cirde, peCpCttdicular » dw 

radial direction Cf. radial. 

Uniform circular motion. Circular motion in which the 
magnitude of the velocity vector remains constant 

Vector. A quanuty that has both an amount (magnitude) 
I a diiectiaii in space. C£ I 



I circular motion. Circular morion in 
which the magnitude of the velocity vector 



Ifelockf. The nee of change of position; the slope of the 
langpit line on an »r g^aph. 

\(%^^ The fetoeofgiDiviiy on an object, equal mny. 
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Mathematical Review 



Algebra 

Quadratic equation: 

The solutions of ax^ + tox + c=0 

Logarithms and exponentialK 
ln(ad) = lna + lnj|> 
6**" = ©■'e" 
In e* = e'" ' = X 



area of a triangle of base ^ and heigM A s|M 

circumference of a circle of ladus r * 2xr 

area of a circle of radius r s xr* 

tiiilMtaraaor«a|ih0i«ofrailus/- =4iv* 

voiumofaqilMroofraifus/' ■fiv^ 




o s Opposite 



D§flnllion8 of ttitt ainot coohWi ond tongBnt 

Pythagorean ttieorem: =a^ + 
Trigonometry with any triangle 




Law of Sines: 
8ln( 

Law of Cosines: 



Properties of the derivative and integral 
(for students in caiculus-based coursee) 
IjBt /and ^be funoMone of Jic and lei ^ a oonslanL 



Tlw chain rule: 



-('1=--- 

Some derivatives: 

^x'" = mx'"-' (except for /osO) 



ixaooex 



^g^cosx = -sinx 

The fundamental theorem of calculus: 
Uneartty of the integral: 

I |f(x) + ff(x)|a!x = J"A(xyd«f + J max 
Integration by parts: 
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Trig Tables 
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0 


•InO 


0M6 


t«l8 


60* 


0868 


OMO 


1.732 


61 


0675 


0AM 


1J04 


62 


0883 


0AM 


1J81 


63 


0691 


0A64 


1263 


64 


OMO 


0.438 


24)50 


65 


0.906 


0.423 


^146 


66 


0.914 


O407 


2246 


67 


0.921 


0391 


2256 


68 


0.9Z7 


0.3^ 


2.475 


69 


0934 


0368 


2205 


70 


0940 


0342 


^747 


71 


0.946 


0326 


2204 


72 


OMSt 


O309 


3.078 


73 


0956 


0.282 


3271 


74 


OMt 


0.276 


3.487 


75 


0MB 


02S9 


3.732 


76 


O970 


0.242 


4211 


77 


0.974 


0225 


4231 


78 


0.978 


OMB 


4.705 


79 


0962 


0191 


5.145 


80 


0M6 


0.174 


5271 


81 


0MB 


0.156 


6214 


82 


OMO 


0139 


7.115 


83 


OMB 


0.122 


8.144 


84 


0M6 


0.105 


9214 


85 


OMB 


0.087 


11.430 


88 


OMB 


0.070 


14201 


87 


0999 


0.082 


19281 


88 


0J199 


04195 


20638 


89 


1.000 


0.017 


57290 


90 


ijno 


0.000 
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Index 



A 

acceleration Zfi 

as a vector IM 

constant 89 

definition 84 

negative &i 
alchemy 12 
area 

operational definition 25 

scaling of az 
area under a curve 82 

area under a-t graph afl 

under v-t graph 01 
astrology 12 

B 

Bacon, Sir Francis 2Q 
C 

calculus 
differential ZQ 
fundamental theorem of 32 
integral 93 

invention by Newton 69 

Leibnitz notation ZQ 

with vectors 165 
catfvode rays 1 8 
center of mass 55 

motion of 55 
center-of-mass motion 55 
centi- (metric prefix) 23 
Challenger disaster 91 
circular motion 171 

nonunrfomn 173 

uniform 123 
cockroaches 44 
coefficient of kinetic friction 134 
coefficient of statk: frk:tion 134 
component 

defined llfi 
conversions of units 28 
coordinate system 

defined 52 
Copernicus 64 

D 

Darwin IS 
delta notation 52 
derivative ZQ 
second 93 



Dialogues Conceming the Two New Sciences 3Z 
dynamics 53 

E 

elephant 4fi 
energy 

distinguished from force 1138 

F 

falling objects Z5 
Feynman Z2 
Feynman, Richard ZZ 
force 

ar^lysis of forces 137 
Aristotelian versus Newtonian 99 
as a vector 164 
attractive 
contact 101 

distinguished from energy UQfl 

frictional 133 

gravitatiortal 132 

net 1Q2 

noncontact IIU 

oblique 131 

positive and negative signs of IQi 

repulsive 131 

transmission of 11^ 
forces 

classificatk}n of 13Q 
fran>e of reference 

defined 59 

inertial or noninertial 111 
French Revolution 22 
friction 

fluid 13fi 

kinetic 133 

static 133 

G 

Galilei, Galileo. 5^ Galileo Galilei 

Galileo Galilei 32 

gamma rays Ifl 

grand jete 56 

graphing fij 

graphs 

of position versus tirrve 6Q 

velocity versus time 69 

H 

high jump 56 
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Hooke'slaw MJ 
I 

inertia 

principle of 64 
integral 93 

K 

kilo- (metric prefix) 22 
kilogram 25 
kinematics 53 

L 

Laplace 12 
Leibnitz ZQ 
light Ifl 

M 

magnitude of a vector 

defined 15Q 
matter Ifi 

mega- (metric prefix) 23 
meter (metric unit) 24 

metric prefixes. See metric system: prefixes 
metric system 22 

prefixes 23 
micro- (metric prefix) 23 
microwaves Ifi 
milli- (metric prefix) 23 
model 

scientific 133 
models 56 
motion 

rigid-body 54 

types of 54 
Muybridge. Eadweard 153 

N 

nano- (metric prefix) ^ 
Newton 

first law of motion 1122 

second law of motion 106 
Newton, Isaac 22 

definition of time 25 
Newton's laws of motion 

in tiiree dimensions 120 
Newton's third law 126 

O 

operatiortal definitions 2A 
order-of-magnitude estimates 4Z 

P 

parabola 



motion of projectile on lia 
Pauli exclusion principle IS 
period 

of uniform circular motion IZZ 
photon 129 
physics 12 
POFOSTITO 12B 
Pope 32 

prefixes, metric. See metric system: prefixes 
projectiles 113 
pulley M2 

R 

radial component 

defined 129 
radio waves 18 
reductionism 2Q 
Renaissance 15 
rotation 54 

s 

salamanders M 
sans culottides 2A 
scalar 

defined 15Q 
scaling 32 

applied to biology 44 
scientific method 15 
second (unit) 24 
significant figures 30 
simple machine 

defined 142 
slam dunk 5£ 
Stanford. Leiand 153 
strain 140 
Swift, Jonathan 32 

T 

time 

duration 5Z 

point in 52 
transmission of forces 139 

u 

unit vectors 156 
units, conversion of 2fi 

V 

vector 53 
acceleration l£j 
addition 150 
defined 15Q 
force IM 
magnitude of L5Q 
velocity 160 
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velocity 

ackiition of velocities 6Z 

as a vector UBQ 

definition &! 

negative 6a 
vertebra 4fi 
volume 

operational definition 35 

scaling of 3Z 

W 

weight force 

defined IQl 
weightlessness 

biological effects 

X 

x-rays IB 
Y 

Young's modulus 146 
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Useful Data 



Metric Prefixes 



Conversions 



10^ 

io-» 

10-* 

n- nano- 10"' 

(Cend-. 10*^, is und onljr in die oennmem) 



M- 

m- 

^- (Greek mu) 



kikK 

miili- 

micro- 



Notation and Units 



quantity 


unit 


symbol 


distance 


meter, m 


XV Ay 


ttme 


aeoondtS 


t.At 


mass 


hSkiffm, kg 


m 


area 


^quan: meters) 


A 


vuiiunc 


m' (cubic meters) 


V 


denifay 




P 


ibice 


Newton. 1 N-1 F 


vclocin' 


m/t 


9 


.Ki elcration 


ro/s> 


m 


symbol meaning 







is proportional to 

is approximately equal to 

on che Older of 



The Greek Alphabet 



a 


A 


alpha 


V 


N 


nu 


P 


B 


ben 


\ 


5 


• 

XI 


Y 


r 


gamma 


o 


O 


omicion 


5 


A 


delta 




n 


pi 


e 


E 


epsilon 


P 


p 


tfao 


C 


z 


zea 


o 


£ 






H 


eta 


T 


T 


tau 




© 


theta 


M 


Y 


u{>siloa 


t 


I 


ioca 




« 


phi 


K 


K 


kappa 


X 


X 


dii 


X 


A 


lambda 


V 




psi 




M 


mu 


0) 


a 


om^ 



Convctakms between SI and odier onitK 



1 inch 
1 mile 
1 pound 

(1 ks)(^ 

1 uallon 



2.54 cm (eiacdf) 
1.61 km 
4.45 N 
2^ lb 

3.78x10^ an' 



Convenions between U^. units; 

1 foot B 12 inches 

lyaid m 3feet 

Imile • 5280ft 



Earth, Moon, and Sun 

tx>dy mass (kg) radius (km) radius of orbit (lun) 
eaith 5.97^10^ 6.^10' 1.49kl0^ 
moon 73f*10^- 1-xlO' 3.84x10' 

sun 1 WxIO'" ^OxlO'' 
The radii and radii ol orbits are average values. The 
t oibits the earth and the earth oihits the sun. 



Subatomic Particles 



mass (leg) radius (m) 
election 9.109x10 ^' ?- less than about IC'^ 
pfoton 1.673x10'^ abouc I.lxlO-" 
neutron 1^x10^ abo«I.lxlO'^ 

The r.tdii of protons and neutrons can only he given 
approximately, since they have luzzy surfaces. For 
OHnparixMi, a typical atom is about 10^ m in ndius. 

Fundamental Constants 

speed of light ^5=3.00x10" m/s 

g^iutional constant Gs6.67xl0 " N m~ kg * 
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Pedagogical Features 

• Focus on Concepts — Every concept is explained clearly and hon- 
estly; equations are always integrated with concepts. 

• Tested — This book has been tested extensively in the classroom. 

• Support for Active Learning — Support for active learning meth- 
ods was built into this text from the ground up, not added as an after- 
thought. Self-checks, discussion questions, and group exercises are 
included, and the homework problems require a mixture of concep- 
tual and mathematical reasoning. 

• Support Materials — Extensive free support materials are available 
from www.lightandmatter.com, including a numerical answer checker 
for students, and an instructor's guide and instructor's solutions manual. 

• Flexible — The modular format of the series makes it easy to use the 
books in any curriculum. Each book is designed around a backbone 
of vital topics, interspersed with optional sections and chapters. 

• Not a March Through the Topics — The book series has a clear 
storyline, addressing a common historical complaint from students 
about physics books. Each volume develops a definite part of the story 
of how light and matter change and interact. 

• Problem-Solving Strategies — The text helps to prevent the self- 
defeating tendency of students to try to reduce problem-solving to a 
set of cookbook recipes. It includes materials on scaling and propor- 
tionality, which pedagogical research shows often consitute a hidden 
gap in students' problem-solving skills. The emphasis on concepts is 
in line with research showing that a conceptual orientation enhances 
students' problem-solving abilities rather than distracting from their 
development. 
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